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CHAPTER lI. 
HISTORY AND DESCRIPTION OF THE PROJECT. 


INTRODUCTION, 


‘he Forest Service, United States Department of 
Agriculture, planned as early as 1909, to make a very com- 
plete study of the effects of forest cover on streamflow 
and erosion, and tentatively selected a site for the experi- 
ment on the Rio Grande National Forest, near Wagon 
Wheel Gap, Colo. The plan, broadly stated, was to sel- 
lect two contiguous watersheds,' similar as to topography 
and forest cover; to observe carefully the meteorological 
conditions and the streamflow for a term of years under 
similar conditions of forest cover; then to denude one of 
the watersheds of its timber and to continue the meas- 
urements as before for an indefinite period, or until the 
effects of the forest destruction upon the time and amount 
of steamflow, the amount of the erosion, and the quan- 
tity of silt carried by the streams had been determined. 

Since the plan contemplated the use of considerable in- 
strumental equipment and the services of men skilled in 
meteorological observations, the cooperation of the 
Weather Bureau was solicited, and on approval of the 
Secretary of Agriculture, the two services began the ac- 
tive work of getting material and equipment on the ground 
on June 1, 1910. The building of cabins for living and 
cflice quarters, the installation of the meteorological in- 
struments, and the construction of two dams occupied 
the time up to October 22, 1910, when the first meteorolo- 
vical observations were made. The rectangular weirs in- 
stalled in the beginning did not prove satisfactory and it 
was not until the following July that satisfactory weirs 
were installed. 

On June 30, 1919, eight years’ continuous streamflow 
measurements and nearly nine years’ meteorological ob- 
servations had been obtained. A consideration of this 
material leads to the conclusion that the first stage of the 
experiment has been adequately developed; it has, there- 
fore, been mutually agreed that one of the watersheds (B) 
should be denuded, except that a strip of timber not to 
exceed 25 feet in width should be left on either side of the 
stream for a single season, complete denudation to be 
effected in the autumn of 1920. The program of denuda- 
(ion at this writing has been carried out as planned. The 
larger timber has been removed from the area, while the 
loppings and most of the aspen have been piled in wind- 
rows and are eventually to be burned. 


OBJECT OF THE PRESENT PAPER. 


The object of this discussion is to give a clear idea of 
‘nature of the experiment, the methods followed, the 
‘ nditions observed to date, and the plan for analyzing 


hroughout this discussion, and in all of the records the convenient and perhaps more 
lar word “waters”ed”’ is used to denote a drainage basin. 
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the data obtained in the future so as best to bring out 
faithfully and clearly the effects upon streamflow and 
erosion which are produced by the denudation of one of 
the watersheds. Naturally, to be of tangible value, such 
effects must in some manner be shown quantitatively and 
statistically. It is especially to be hoped that the present 
discussion will bring out criticisms from irrigation engi- 
neers and others who are particularly interested in mat- 
ters of water supply from mountainous sources, so that 
the final study of the results of the projects may succeed in 


presenting data of the most useful character. 


CONDITIONS OF THE EXPERIMENT. 


It is an open secret that foresters generally, and nearly 
all persons possessing familiarity with the conditions in 
mountainous regions, believe strongly in the protective 
value of forests, first, as binding the:soil, covering it with 
humus and litter and preventing its erosion, and secondly 
as exerting a modifying effect upon the flow of streams. 
The latter is based primarily upon the very obvious fact 
that rainfall upon the floor of the forest is very largely 
absorbed by the covering of spongy material which is 
typical, hence does not immediately run off on the sur- 
face of the ground, but percolates into the deeper soil 
and maintains streams more evenly by feeding springs. 
A further influence in the western mountains of the United 
States is assumed to arise from the retardation of snow- 
melting which is a direct result of shading by the trees. 
In this particular respect forests, even deciduous forests, 
apparently have a value which no other form of vegeta- 
tion could possess. Thus, by a number of means, it has 
been taken that forests reduce the magnitude of floods, 
tend to maintain streamflow, through springs, in dry 
weather, and, perhaps most important of all, prevent 
erosion of the land which they occupy, reduce the amount 
of silt carried by streams, and léssen the damage done by 
flood waters wherever these may inundate or erode fertile 
fields. 

The present paper does not attempt to prove or disprove 
the above contentions, but simply to state them as beliefs 
which require experimental proof. Hence, there will be 
no attempt to cite here the great list of references which 
supply facts in the case, nor again the great list of argu- 
ments by those who have observed facts apparently 
weakening the beliefs of foresters. It must be admitted 
that the evidence upon which foresters have based their 
beliefs, and the evidence upon which a number of coun- 
tries have formulated their policies of economicforestry, 
have been too largely empiric, just as has been the 
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evidence on which farmers, up to a few decades ago, 
based nearly all of their agricultural practices. The 
present-day attitude calls for experimental proof of every 
belief, and, especially where great economic values are 
involved, calls for quantitative determinations. It is 
not enough to know whether forests influence stream 
flow; it is necessary also to know how much, at what 
seasons, and under what conditions of soil, topography, 
and geographical location. 

Up to the time of the initiation of this project there 
had been but one serious attempt to measure the influ- 
ence of forests upon streamflow, precisely and over a long 
period. The results of this experiment, which was made 
in Switzerland, after some 12 years of observation, have, 
fortunately, just been made available in an exhaustive 
and apparently unbiased report by Dr. Engler.? This 
may perhaps be considered the most authoritative state- 
ment on the subject ever published. Yet even here the 
results are largely qualitative, and even open to some 
question, for the simple reason that experimental con- 
ditions have not been fully attained. The two water- 
sheds, one about wholly forested and the other only to a 
small degree (for what reason barren we do not know), 
were taken in their natural conditions, and coniparisons 
of streamflow have been made only in this condition, 
Without questioning the immense value of the results, 
which have been secured, it may be freely said that the 
Swiss experiment leaves a certain want unfilled. 

It was, therefore, with a full realization of the need 
for experimental proof, and in the hope of satisfying the 
most critical, that in 1909 the Forest Service undertook 
to initiate a project which should produce results bearing 
particularly on the conditions typical of vast areas then 
included in the national forests of the West. More re- 
cently, under the Weeks law, national forests have be- 
come a reality in the eastern United States, and it is but 
logical that the Federal Government should interest itself, 
as soon as practicable, in a similar study in that region. 

In seeking an area for the experiment, as was done 
during the summer of 1909, the following were guiding 
considerations, their relative importance being indicated 
by the order in which they are named: 

1. That the two watersheds to be studied should be 
contiguous, or practically so, in order that differences in 
the amount and time of precipitation reaching them 
should be as small as possible. 

2. That the two watersheds should be on the same geo- 
logical structure, should have similar altitudinal limits, 
and, as regards general conformation, general aspect, 
and steepness of gradients, should be as nearly alike as 
possible. 

3. That the area of each watershed should not be so 
large as to introduce serious complications in the attempt 


4 Engler, Arnold. Experiments Showing the Effect of Forests on the Height of 
Streams. Mitteilungen der Schweizerischen Centralanstalt fur das Forstliche Versuch. 
s¥esen. XII, 1919, Zurich. 
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to relate the stream discharges at the lower extremities 
to precipitation and other phenomena observed on the 
areas. 

4. That the forest conditions should represent a fair 


average for the national forests of the Rocky Mountain 


region, rather than the ideal or optimum. Such a pro- 
vision insures that the quantitative results may be ap- 
plied to the national forest area as a whole, with con- 
servatism. To meet this requirement it seemed essen- 
tial, first, that the forest should be that of a middle ele- 
vation, and secondly, that it should not entirely have 
escaped injury by fires in the past. 

5. That the areas should be accessible, so that one of 
the watersheds might be denuded without waste of the 
timber. 

6. That the location should be reasonably near a town 
and railroad, so that the problem of keeping capabie 
men on the project, and the problems of their existence, 
need not be insurmountable. 

The areas selected.—Two areas apparently meeting all 
of the above requirements, with a minimum of compro- 
mise, were first visited in August, 1909.5 

The size, shape, and general conformation of the two 
watersheds, hereafter to be known as A and B, are 
adequately shown on the accompanying map (fig. D. 
The survey on which this map is based was made by 
Engineer Niles Hughel, of the Forest Service, in June, 
1910, and only slight changes in the delineation of the 
boundaries were made at a later date, at points where 
the exact water divides were vague and difficult of 
determination. The general plan of the survey was to 
start at the dam sites, tracing a line up either slope until 
the ridge was reached which divides one watershed from 
its neighbors; then to follow this lateral ridge to the 
head of the drainage basin. The principal errors made 
in the original survey resulted from the attempt, in one 
instance, to trace the divide from the top downward. 
In the reverse process there is practically no chance for 
error when each course taken is run normal to the con- 
tour at the point of origin. In the present case the dis- 
tance, azimuth, and vertical angle of each course was 
recorded, so that the basic data for a contour, as well as 
an area map, were secured. ‘The boundary traces were 
supplemented by traverses through the center of each 
watershed, following the course of the stream. 

The springs or stream sources shown on this map were 


located only approximately, by reference to earlier survey 


stakes, by one of the writers, in 1913. 

According to the accepted boundary survey, the areas 
and dimensions of the two watersheds are as shown in 
Table 1. 


4 The writers wish to acknowledge at this point the interest and excellent judgment 
displayed by Forest Assistant P. T. Coolidge, of the Rio Grande National Forest, who 
was the real discoverer. The areas were visited again in February, 1910, by several 
officers of the Forest Service, and the selection was approved after the visit of Assistant 
Forester E. E, Carter at a slightly later date. The photographs used as the frontis- 
piece of this paper were taken in February, 1910, by the late Varela, photographer 
of the Forest Service. 
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TABLE 1. 
\ B 
Total area............ acres. . 222.5 200. 4 
Extreme length........ feet... 7, 300 4,600 
Computed mean width. feet. . 1,328 1, 898 
Absolute elevations ... . feet .. 9, 373-11, 355 |9, 245-10, 952 


The greater area of A as compared with B, as above 
indicated, is of no appreciable import. That which is of 
importance, in so far as it complicates the relationship of 
the discharges of the two streams for any short period, is 
the fact that watershed A is considerably longer and 
narrower than B, and includes a small area extending to 
an elevation about 400 feet higher than any part of B. 
As will be seen later through consideration of the discharge 
graphs, for the purpose of discharging any single supply 
of water (such as the fall of a single rain), watershed A 
might be compared to a narrow trough and watershed B 
to a fan-shaped collector. The former, on account of its 
relatively short slopes, is able to deliver the first bulk of 
a water supply in a relatively short time, and this quick 
delivery is the basis for a sharp and high flood crest in 
most cases; yet on account of its length, this area may 
continue to deliver water to the dams for a long time. 
By comparison, B delivers its water to the dam after a 
longer interval, but more largely in one mass, and com 
pletes its discharge sooner. Were we ever dealing solely 
with the water of a single storm or a single period of 
snow-melting, the relations above set forth might not be 
difficult to express by a concise formula. But, since the 
streamflow of any period we may choose to consider is 
necessarily built up from water contributions of many 
previous months, it becomes apparent that the watershed 
differences have introduced a maze of relationships we 
can not hope to unravel or to give expression to, except 
in approximate terms. The great difficulties of this 
situation, of course, could not be foreseen when the water- 
sheds were chosen, nor is it at all certain they could have 
been avoided, as Nature has nowhere been so kind as to 
form two objects exactly alike. 

Of some slight importance, as it affects snow-melting, 
is the fact that the main axis of watershed A is almost 
directly east-west, while that of B is more nearly north- 
east-southwest. In consequence, the north half or 
southerly exposure of A contains considerable areas 
which face squarely the mid-day sun, while on B the 
corresponding position is very largely an east slope, 
except for a very small space at the lower end of the 
watershed. After a very careful survey of the several 
snow-scale areas, Keplinger (Apr. 1, 1913) computed the 
mean gradient of watershed A to be 25 per cent and of 
'} 26 per cent; but the mean aspect of all the slopes on 
\ is S. 85 E., while on B it is N. 68 E., a difference of 27 
degrees. 

(reological formation.—As has been stated, one of the 
‘rst considerations was that the two areas studied should 
have similar geological origins, not only because the 


character of the rock defines the physical character, 
permeability, and retentiveness of the soil, but also 
because the present rock in situ has the greatest influence 
on underground water and on the possibility of complete 
measurement of the water discharged from the areas. 

The first geological examination of these watersheds 
was made by Mr. E. S. Larsen, of the Geological Survey, 
in June, 1910, or while the first prospecting for the dams 
was under way. It is regretted that we can not quote 
here Mr. Larsen’s original report, which was entirely 
reassuring, both as to the uniformity of the structure on 
the two areas and the probabilities of a structure at the 
proposed dam sites which would insure a good foundation 
for the dams and the loss of none of the water which 
flows away from the areas. 

It is, perhaps, equally satisfying to have a later report 
by Mr. Larsen, made at a time when some neighboring 
areas were being considered for supplementary study, 
and when some rather definite problems with respect to 
A and B had presented themselves: 


SUPPLEMENTARY REPORT ON THE GEOLOGY OF THE 
AREAS COVERED BY THE WAGON WHEEL GAP EXPERI- 
MENT STATIONS, RIO GRANDE NATIONAL FOREST, 
COLORADO. 

By Esper 8. Larsen. 


INTRODUCTION. 
June 20, 1914. 
The present report contains the results of a few days’ study during 
June, 1913, of the area near the experiment station and has to do par- 
ticularly with the two new drainage basins FE and IF, although some 
phenomena of the other drainage basins are discussed. 


GEOLOGY. 


Drainage basins E and F are in the same type of augite-quartz latite 
which forms drainage basins A and B. This member also forms all the 
slopes between the several drainage basins, the slopes for some distance 
above the upper basins, and the basin of Deep Creek to the main forks 
of the creek about a mile above the mouth. In the fork of the Deep 
Creek, on which drainage basin F is located, this latite extends from 
an elevation of about 8,800 feet to 12,000 feet or more, a vertical extent 
of over 3,000 feet, and neither base nor top are exposed. The rock is 
nearly uniform, and, although exposures are fairly good in Deep Creek, 
no evidence was seen of more than one flow, 

The petrographic description given in the previous report covers the 
member as a whole. In the former report it was said to probably 
overlie the tuff, but a more extended study about Creede and else- 
where has shown that the tuff was deposited in a steep-walled basin of 
the augite-quartz latite. 

The rock has a poorly developed flow structure which is nearly flat 
The general dip of the flow lines could not be positively determined, 
but it is believed to be generally to the north. A fairly prominent, 
nearly vertical, closely spaced sheeting is also common. This sheet- 
ing, and, to a less extent, the flow structure, would exert some influence 
on the flow of the underground water, but, so far as observed, the 
structure is not regular enough to determine the direction of the flow. 
The rocks are probably fairly tight and impervious below the zone of 
weathering. 

Both drainage basins are almost completely covered with a relatively 
thin mantle of soil and decomposed rock, which is usually porous and 
of sandy texture, with some clay and numerous flat fragments of the 
underlying augite-quartz latite. Judging from the few pits and natural 
exposures, the soil is believed to be very shallow and to grade rapidly 
into rock in place. The upper few feet has probably moved somewhat 
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The fractures due to weathering continue for some depth 
into the rock in place. Actual outcrops of the bedrock are rare, but 
it is nowhere believed to be far below the surface. Landslides or con- 
siderable-sized bodies of wash, talus, or alluvium are not present. 
The small parks and still smaller strips along the creeks are the most 
important accumulations of alluvium, and these are not believed to 
be very deep. 


by creep, 


UNDERGROUND DRAINAGE, 


Except for the creek bottom park in basin E, the geological char- 
acter of two basins, E and F, is nearly identical and very similar to 
those of gullies A and B. The soil and the immediately underlying 
disintegrated rock are rather pervious to water, but I believe that the 
fresh, little fractured rock at no great depth is much less pervious. 
The conditions are almost identical with those of the two lower basins 
(A and B) and the discussion in the previous paper applies equally 
well to all four drainage basins. 

I believe that the geology of the areas covered by the four basins is 
very favorable for the experiments. It is unusual to find four areas 
with so great a difference in elevation yet so uniform geologically, and 
with so little variety or structure in the rocks. So far as I can judge, 
the basins are all exceptionally favorable for the minimum loss or gain 
of water from the underground drainage, and there is nothing to indi- 
cate an exceptional loss or gain for any of the basins. 


HOT SPOTS. 


The so-called hot spots on the east side of the slope of basin A were 
recognized by Mr. Jones, of the Weather Bureau, who is located at the 
station, from the fact that the snow melted more rapidly along them. 
They appear to be on a line nearly parallel to the creek and about 50 
feet in elevation along it, and extend from the north boundary of the 
area for about a hundred yards to the south. 

Bed rock is not exposed near them, but the talus indicated some alter- 
ation of the rock, such as is commonly found associated with mineral 
A small cut exposes rock which has crept down the hill 
somewhat, but which is nearly in place. There isa little red hematite 
coating the fragments and some travertine-like materials. The rock 
is kaolinized and has some hematite deposited in it. There is no 
evidence of water, steam, or other gas coming up here. 

I have no entirely satisfactory explanation of this, but three possible 
ones occur to me: 

1. The oxidation of stringers of pyrite or other sulphides may generate 
enough heat to slowly melt the snow over a series of veinlets. 

2. There may be fractures along which warm water or gas is escaping. 

3. Fractures in the rock may control the circulation or underground 


deposits. 


air currents. 

If the first is true, and the hematite indicates this, there is probably 
a strip of more or less fractured rock present and the water will tend to 
drain into this strip and along it to a lower level on the hill. This 
would tend to steal some water from the drainage area, as the fracture 
crosses the lower boundary of the area on a rather steep and continuous 
slope. 

If the second explanation is true and a considerable amount of the 
water is being introduced into the drainage area, some evidence of 
this should be recognized. If the hot water escapes at a lower level on 
the slopes, that is, below the drainage area, and the melting of the snow 
is due to gases escaping through fractures, the conditions are similar 
to those discussed in the first explanation and there would be a loss of 
water. 

Explanation 3 would also cause a loss of water much as would 1. 


WARM SPRINGS. 


The large spring which empties into basin B from the west and which 
has a mean temperature several degrees in excess of the mean annual 
air temperature has all the appearances of a normal spring. The pres- 
ence of hot springs only a mile or so away immediately suggests a deep 
source for at least a part of the water of this warm spring. However, I 
should not expect such water on these steep slopes, as valleys nearly a 
thousand feet below are present on three sides only a short distance 


away. A comparison of the composition of the water from the sprin 
with that from the creek would probably show whether or not an 
ascending hot water mingled with the surface drainage water. 

To this report the following facts should be added: 

1. At the site chosen for a dam on watershed B roc! 
in situ was found, as expected, beneath only 4 to 6 fee! 
of talus and stream deposits. This rock was only 
slightly fissured, and the fissures were in no case open, 
but well filled with clay, so that there was never any 
serious question as to the practical impermeability and 
complete solidity of the dam foundation. 

2. At the site chosen for a dam on A, rock in situ was 
found on the north bank of the stream, as expected, but 
not on the south bank. Apparently the present channe! 
of stream A is a considerable distance above and to the 
north of the notch cut in the bedrock in primary erosion. 
This is due, no doubt, to a land-slip from the slope to the 
south. A short distance upstream from this dam there 
is at present a ‘“‘rock-slide’”’ jutting out to the stream, 
which illustrates clearly the nature of such movements. 
By great good fortune, however, there was at Dam A, at 
about the depth where bedrock was expected, a ridge of 
clayey material parelleling the stream and apparently 
deposited there by the stream in the loose structure of 
the earlier rock-slide. While not entirely impervious, 
this dike afforded the only possible foundation. The main 
cross-channel wall of the dam was built somewhat be- 
yond it into the loose material of the land-slip, and a 
wing-wall was run on its crest to a point upstream where 
the elevation of the original dike was that of the top of 
the dam. 

3. On the areas IE and F which are mentioned by Larsen 
in this report rock in situ was found at no great depth 
but was badly fissured and carried so much water that 
the project of building additional dams had to be given up. 

As regards the actual success attained in trapping all 
of the run-off of watersheds A and B at the dams as con- 
structed, the greatest assurance is found in the fact that, 
year by year, the ratio of run-off to precipitation for the 
two areas is practicaliy identical. While it would be 
possible to have leakage at both dams, and in the same 
amount, such coincidence is certainly improbable. Act- 
ual proof that all run-off is being measured could of course 
only be obtained by a number of deep borings in the bed- 
rock. 

Soil of the areas.—The augite-quartz latite described 
by Larsen as comprising the entire foundation of the two 
watersheds, by reason of its fine crystalline structure 
breaks down into a rather fine and compact clayey loam. 
On account of the steepness of most of the watershed 
slopes, however, this quality is only partially developed; 
that is, steady sheet erosion prevents the accumulation 
of deep masses of soil and insures that rock fragments 
shall comprise a very considerable proportion of the 
mass, sometimes as much as 50 per cent of the whole i! 
the first 4 feet of soil are considered. In addition, ero 
sion and leaching tend always to rid the soil of clay anc 
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- t, while leaving the coarser sand. The result is, on all 
\.e steeper slopes, a quite permeable and well-drained 
sil layer. The depth of this layer on the main slopes 
liis never been investigated directly. 

|t is believed the figures in Table 2 represent fairly the 
nature of the soil derived from the quartz-latite, except 
for station A~-1, where the soil was taken from a pocket 
nearly devoid of rock fragments. 
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As contrasted with this, the soil of a bench imme- 
diately below watershed A, which represents the transport 
from the slopes of the watershed, has been examined 
This contains only 2.1 per cent rocks, 7.1 per cent fine 
sand, and 80.0 per cent very fine sand, silt, and clay. 

The soil of these areas is, then, fairly permeable, but 
certainly of as fine and retentive a character as the 
average for middle elevations in the Rocky Mountains. 
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Fig. 1. Area, topography, etc. 


TaBLe 2.—Soil composition of bench and slopes. 


Station D. A-1, A-2. 
Class of material. 

lL foot. 2feet. 3feet. Lfoot. 4feet. 1 foot. | 4 feet. 

Peret. Peret. Perct. Peret. Perct. Perct.| Per ct. 
'\o Ks larger than peas. .... 14.2 47.4 34.5 11.4 10.6 30.8 26.7 
( OC STOWE Gets ve sues : 8.0 2.6 1.7 11.2 21.5 17.8 29.0 
Fine gravel... .. ccc. eses 6.8 1.4 2.2 9.6 17.6 7.0 10.4 
( a, a pe 11.0 7.5 9.9 19.6 18.6 8.8 8.6 
Me lium sand.... 6.6 6.0 7.0 10.7 7.9 5.1 3.7 
Fie SROs Eppes Son vets 5.4 1.8 5.9 7.4 5.1 4.0 2.7 
| ae 11.7 &.4 10.8 8.1 6.3 7.1 5.1 
eat: 29.3 16.8 22.2 14.5 7.8 15.6 94 

‘ 7.0 5.1 4.8 7.5 1.6 3.5 4 
oo Pe 100.0 100.0 100.0 100.0 100. 0 100.0 


100.0 


Water sources of the streams.—On the map which shows 
the outline and topography of the watersheds, Fig. 1 the 
principal springs which feed the two streams have been 
indicated, as also some special observation points which 
were used in a study of these water sources in 1913. The 
latter should not be confused with the regular meteoro- 
logical stations and snow-scale locations which are shown 
in another map. 

Examination of the map will show that stream A first 
appears about 3,500 feet from the dam, and is fed along 
its course by some half dozen springs, only two of which 
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make their first appearance at any appreciable distance 
from the main channel. 

Stream B has a total length of only about 2,300 feet, 
and in this distance becomes submerged several times in 
the detritus of the main gully. 

Kadel and Grove, in 1912, measured the exposed areas 
of both streams, including water-soaked ground along 
their margins, and obtained figures of 4,039 square feet 
for A and 1,600 square feet for B. 

Stream B, like A, has several springs along its course. 
One, near the head, appears at least 500 feet from the 
channel, soaks into the ground, and comes out again as 
channel seepage. Another, near Station B-1, appears 
still higher on the northerly slope. The really striking 
difference between the two watersheds, however, is in 
the existence of the permanent and voluminous spring 
shown as B-1, and the temporary spring B-—0, both 
appearing to arise from ground with a decided southerly 
exposure. 

The warmth of the spring B—1, which is mentioned in 
the geological report that has been quoted, has excited 
so much comment and fear that it was thought best to 
obtain, in the summer of 1913, some data on its actual 
temperature, the temperature of the ground in its vicin- 
ity, and comparable data for the other water sources, 
After locating the latter, therefore, points were very 
carefully chosen which, it was thought, would represent 
the ground drained by the several springs. Thermome- 
ters were placed at a depth of 1 foot at each of these 
points, and additional thermometers at 4 feet at only a 
few points, which were thought sufficient to give the 
temperature gradient in the soil. The temperatures of 
the springs were likewise measured. For the most part, 
results were obtained by observations every few days, 
at different hours, so that diurnal fluctuations were 
pretty well taken care of in the averages secured. 
The observations were necessarily subordinate to the 
other work which was being conducted, were irregular in 
interval, and are not entirely synchronous for all of the 
points. 

The following points are noteworthy: 

1. The 1-foot soil temperatures of the two watersheds 
are very similar if we consider only the northeasterly 
aspects. In the case of watershed B, however, the prin- 
cipal water sources are in ground with an easterly or 
somewhat southerly aspect, so that the mean tempera- 
ture of all the contributing ground is about 2° higher 
than in the case of A. 

2. In spite of this warmer soil for B (as a whole) the 
mean temperature of all of the springs on B is 0.6° less 
than that of the springs on A at midsummer. 

3. When it is considered that the reverse is true in 
winter—that stream B is warmer than A as shown by ice 
formations at the dams—the conclusion is unavoidable 
that the water sources of B are deeper than those of A. 

4. Applying the mean difference of 7° F. between 1- 
foot and 4-foot temperatures for this period, it may be 


calculated that the soil reservoir of A has a mean depth 
of about 4.8 feet, and of B about 5.8 feet. Actually, of 
course, it may be deeper in both cases, as the spring 
water can hardly fail to be warmed somewhat as it 
approaches the surface. 

It is not suggested that the corresponding steep slopes 
of the two watersheds are essentially different as regards 
soil cover. It is believed the difference consists in a 
greater accumulation of soil near the stream channel, in 
the bowl-like basin of watershed B. 

5. Considering the several water sources independently, 
rather consistent depths are indicated. The two south- 
slope springs on B (B—0 and B-—1) would appear to have 
deeper sources than the others, but only about 6.5 feet 
as indicated by the conditions in July. 

It has been contended, by those inclined to view the 
existence of the warm spring (B-1) with alarm, that, 
since the mean annual air temperature on these water- 
sheds is only 34° F., water which shows a temperature 
of nearly 40° F. at midwinter must be arising from a 
source so deep as to be unaffected by local conditions, or 
else must be obtaining heat through some chemical 
reaction. The latter idea must be banished when it is 
noted that there is not the slightest evidence of deposits 
on the ground over which the water trickles for several 
hundred feet, and the water is not in the least inimical 
to plant growth. 

Although, as stated by Moore ‘ it is altogether probable 
that at a considerable depth (say 50 feet) the ground 
temperature is constant and approximately qual to the 
annual mean temperature at the surface, still there is no 
basis for the assumption that the latter must be the 
mean air temperature of the locality. The mean air 
temperature of 34° F. is recorded at the north-slope 
station, B-1. The mean 1-foot soil temperature at that 
point is 34.3° F. and the 4-foot soil temperature 33.3° F. 
On the other hand, while the air temperatures recorded 
for a year or more at the south slope station B-2 were 
only about 2° in excess of those at B-1, the 1-foot soil 
temperature is 39.7° F. and the 4-foot 40.6° F. There 
is no reason for supposing that a lower mean temperature 
is found at greater depths. There is every reason for 
supposing that at a depth of possibly 20 feet the soil tem- 
perature on this slope is essentially 40° the year around. 

As to the assumption that the water which feeds this 
spring must be transported a great distance through rock » 
crevices, there is again no evidence in proof. The east 
slope above this spring retains its snow well, is well for- 
ested, and is of sufficient area to supply the water. The 
only oddity about the spring consists in the fact that it 
rises to the surface in a relatively shallow depression fac- 
ing the south, instead of first appearing in the more dis- 
tinct gully at the foot of the east slope. It does not, how- 
ever, have to perform any miracle to reach its outlet. 

In conclusion, then, it may be said that without muc!i 
doubt the “warm spring”’ reflects only the temperature 


‘Moore, Willis L. ‘‘Descriptive meteorology.’ New York, 1910. 
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of the ground from which it rises, and its point of origin, 
while doubtless affected by rock conformations that are 
not apparent on the surface of the ground, is not more 
enigmatical than is general in the occurrence of springs. 

It might be noted that early in the study of these water 
sources, one of the writers thought that a similar water 
source had been discovered on watershed A, at the foot 
of a rock-slide which faces the southeast. (See water 
point A-2). ‘This consisted of a spring on the north bank 
of Stream A having a temperature early in July of about 
44. By testing with methylene blue, however, it was 
found that this was merely a portion of the main stream 
which had found a course under the toe of the rock slide. 
That the north half of watershed A contributes through 
no springs of noticeable size is plainly due to the rapid 
melting and evaporation of snow in the winter, because 
of the more southerly exposure of this ground as com- 
pared with any part of B. 

6. Comparison of the average spring temperatures with 
those of the streams as they approach the measuring 


dams shows that the water of either stream is warmed © 


about 3.8 ° during its passage down the channel. This is 
after making allowance for the fact that the 9 a. m. tem- 
peratures at Dam A were nearly a degree lower than the 
mean of maxima and minima, while at B the water has 
attained nearly its mean at 9 a.m. In spite of the fact 
that the exposed area of stream B is much less than that 
of A, the water is warmed as much. This is probably be- 
cause the volume traveling the main channel is slightly 
less, and all but two of the springs of B watershed flow 
over the ground for considerable distance before reaching 
the main channel. In view of these facts, we should ex- 
pect just as much loss by evaporation during the day on 
stream B., but possibly would note the loss at a later hour, 
because of the impeded flow. The delay may run so far 
into the night as to really obscure the amount of the 
evaporation current during the day. 

Description of the forest.—The forest of the two water- 
sheds involved in this study is one fairly typical of the 
middle zone of the central Rocky Mountains and is char- 
acterized by the predominance of Douglas fir. 

On account of the character of the soil derived from a 
fine-grained igneous rock, western yellow pine is practi- 
tically nonexistent in this locality and does not appear on 
the lower reaches of the watersheds at all, though in most 
of the region it would be expected on southerly exposures 
ut this elevation. Such exposures are occupied almost 
wholly by Douglas fir of good development, but forming 
open stands. There is everywhere a sprinkling of bristle- 
cone pine, which becomes more numerous at the tops of 
the slopes and wherever the amount of rock in or on the 
‘oil is very great. 

The northerly exposures at low elevations are also 
characterized by fir stands, more dense, of course, than 

hose of the warm slopes. There is everywhere a 
prinkling of Engelmann spruce, and with increased 
clevation the proportion of this species increases, so that 
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at the upper extremities of both watersheds the type is 
almost pure spruce. 

A large part of watershed B, and only slightly less 
acreage in A, was burned over, as nearly as can be deter- 
mined, about 1885. While the fire may or may not have 
run through the stands on the southerly exposures, their 
open character prevented serious damage, and such areas 
may be considered to be now in an essentially normal 
state as regards cover. Much greater damage was done 
to the north-slope fir stands, on practically all such 
acreage of watershed B, and in strips on the lower portion 
of A, while the prime spruce forest at the upper ends of 
A and B was almost completely destroyed, and a con- 
siderable part of this area is not now covered even by 
aspen, except in occasional clumps. 

Throughout most of the lower areas which were 
severely burned, aspen appears to have come in promptly 
and densely, so that the typical forest-floor conditions 
have not been lacking during any stage of the experiment, 
and the soil has been sufficiently bound and covered 
that practically no surface run-off or erosion has been 
noticeable. However, it should be realized that the 
extensive areas of aspen which particularly characterize 
B can not possibly have the effect of retarding snow 
melting that would be exercised by an even stand of 
coniferous trees. For this reason it is felt that whatever 
contrast is secured from the denudation of B will represent 
a very conservative measure of the normal effects of 
Rocky Mountain forests. 

Over a good portion of the aspen-covered area of both 
watersheds coniferous seedlings had begun to appear even 
before the initiation of this experiment, and by the time 
of its completion these will have attained sufficient size 
and numbers to exercise a quite appreciable influence on 
their environment. In other words, forest 
on watershed A during the progress of the experiment 
have been in a constantly improving state, approaching 
normal. On the other hand, the extreme upper portion 
of A, which has the greatest potentiality as a snow re- 
servoir, remains uncovered, except for about an acre of 
lodgepole pine plantation started in 1911, whose effect 
even after many years must be insignificant. 

On both watersheds there are some small areas of 
essentially barren rock slides, whose tendency, no doubt, 
is to bring snow and rain water to the streams more 
directly and quickly than the areas covered by a normal 


soil. 
The distribution of the different kinds of cover is best 


seen by reference to the forest-cover map (figure 2), pre- 
pared by the Forest Service from data collected by Kep- 
linger, mainly in 1912. Figures 3, 4, and 5 further 
illustrate the conditions of forest cover in the water- 
sheds. A summary of the different types gives the 
comparison of the two watersheds shown in Table 3, 
from which it will be seen that the principal difference 
is the substitution of bristle-cone pine for some aspen on 


conditions 


watershed A. 
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TaspLe 3.— Forest cover of ithe watersheds. 
(rea, 
percentage. 
Type of cover. 


A. B. 

Dermen Gaper ty merase type) ....5i lo. oi cca eae vabbeodk 9.5 6.6 
Barren or rock slide........... og dali i eka a: 2.7 3.0 
Grass covered............... SPER SP | : ad 9.4 6.1 
Aspen without conifers '.. 34.3 43.8 
Aspen with conifers 14.4 17.1 
i > | a 8.8 il. 4 
Mainly spruce. ...... 11.9 12.0 

C Bite scenes 


Bristle-cone pine (open) 
! Conifers hardly large enough to exert any influence. 
INITIAL WORK AND DAM CONSTRUCTION.' 


The actual work of initiating this project was begun by 
B. C. Kadel of the Weather Bureav and C. G. Bates of 
the Forest Service about June 1, 1910. There had pre- 
viously been constructed, to the site of the headquarters, 
a wagon road from the railroad station at Wagon Wheel 
Gap, under the direction of Supervisor Shoup of the Rio 
Grande National Forest, and the same crew of workmen, 
after June 1, built various local trails and erected an 
office building. Contracts were let for two dwellings. 
The time of Mr. Kadel was largely devoted at the outset 
to the boundary survey, and later to the innumerable 
tasks incident to installation of the meteorological appa- 
ratus and stream-measuring devices. The construction 
of the dams was left largely to Mr. Bates. 

As the entire success of the experiment may be said to 
hinge on the structure of the dams and stream-measuring 
devices; the form of the dams and the method of their 
construction will be dwelt upon in considerable detail. 
We have already described the rock conditions encoun- 
tered at the dam sites. 

The primary consideration was to. construct a wall 
across either stream channel by means of which both the 
surface and subflow of the channel could be collected for 
measurement. This was accomplished, after digging the 
cross trench down to a solid foundation, by pouring a 
solid concrete wall to a height at least a foot greater than 
that of the original stream channel, except at the center 
of the channel, where a notch was left through which the 
stream might flow. The thickness of this wall was 8 
inches, except at the bottom, where the concrete was 
allowed to spread out the full width of the trench. The 
mixture used was about one part Portland cement to 
five parts of sand and gravel, insuring practical imper- 
meability, except for an amount of ‘‘sweating”’ too small 
to be measured. The lower portion of the wall was nec- 
essarily ‘‘ poured” under some water, as the pump avail- 
able would not keep the trench dry, and the wall was 
subjected almost immediately to some hydrostatic press- 
ure. By means of the diverting pipe, however, the 
stream was carried to a considerable distance down the 
channel and ample opportunity was had to note that no 
leakage through or around the wall developed. 


! See half tone figures 8-14, 


Having thus made possible the concentration of »)| 
the flow at a single central point in the channel, tlie 
next step was to provide means by which the amount .f 
the flow might be measured. A consideration fully «s 
important was to be able to trap, by settling, all of the 
detritus carried by the streams, and which would hay e 
no difficulty in passing over the dam wall.’ The basin 
below the dam, then, while essential to precise measure- 
ment of the flow, is primarily a settling basin. 

This basin is in each case nearly 25 feet long (lengthi- 
wise of the channel), 6 feet wide at the upper end where 
it joins the dam, 18 feet wide at the lower end, and with 
walls 44 feet high. These lateral and end walls were 
made 5 to 6 inches thick and plastered with two coats of 
1-1 cement plaster. The floor of the basin was poured 
about 4 inches thick after pounding rock into the rather 
loose foundation. This was also plastered. 

The shape of the basin, flaring at the down-stream end, 
was dictated solely by the conformation of the ground. 
The down-stream wall abuts upon a log cribbing filled 
with rock and earth, which comprises a secondary dam 
or support for the whole structure, in anticipation of 
floods which might exert a very real pressure. 

In the lower wall and in the log crib which reinforces 
it there was left an opening 4 feet wide. The opening in 
the concrete wall was really two openings, separated by 
12 inches of concrete. These two openings comprised 
parallel channels 12 and 24 inches wide, respectively. 
The narrower of these had its opening about 34 feet 
above the basin floor and the wider one 4 feet. The 
lower line in each case was defined by a _ horizontal 
straight-edged steel weir plate. The plan was that the 
water should flow over the lower weir plate, through 
the 12-inch channel, until the volume was sufficient to 
make a stream more than 6 inches deep, after which the 
wider channel and higher weir would automatically come 
into play. 
of the flood volumes to be expected. Actually, the 
capacity of the 12-inch weir was more than necessary, 
and at the low heads of late summer and winter the 
stream flowing over it was so shallow as not to carry off 
properly, and precise computation of the volumes dis- 
charged was impossible. After a year’s trial, therefore, 
or about July 1, 1911, there was substituted in each basin 
a triangular or notch weir. 

The new weir plates were cut 4 feet wide, so as to cover 
the entire area of the two original openings and the divi- 
sion wall, the latter being removed. The depth of the 
plates is 30 inches and the thickness one-half inch. The 
notch, figured from the top edge of the weir plate, is 15 
inches deep and 36 inches wide, the angle of the note): 
being 90°. The edges of the notch were beveled bac 
about 2 inches and ground to a thickness of one-sixteent 
inch. The great advantage of these weirs lies in the fa: 
that the smallest volumes with which we have to dea 
vreate a stream _jof sufficient depth at the bottom we 


This plan was made with no foreknowledge . 
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Fic. 3. Watershed B near station B-2 showing large extent of aspet 


with 








1. Conditions in a young coniferous stand, typical of much of the upper portion o! Fic. 5. Rather large Douglas fir surrounding thermometer shelter at station A 


watershed A. 
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a vay from the face of the plate, and at the same time the 
entire opening possesses a very large capacity. 

As will be shown later, the measurement of streamflow 
volumes in this case is based upon the height of the 
siream over the weir. The zero of height measurements 
is the lowest point in the weir notch. The height of the 
water, from which the volume of flow is computed, is 
determined several feet back from the weir, or in the 
center of the settling basin, where there is no appreciable 
current. The settling basin is, therefore, essential to the 
precision of flow measurement which this study called 
for. 

Less essential features of the dams are the basin in- 
takes, the diverting pipe and the tail-race. These are all 
4-inch iron pipes. As has been stated, the original plan 
was to have the stream enter the basin through a notch 
in the concreted dam wall. A little to one side and about 
6 inches lower was the opening of the diverting pipe, by 
means of which the stream might be diverted around (to 
be exact, the pipe runs through) the basin when the latter 
was to be cleaned, or any other operations in the basin 
were necessary. When the cap was placed on this pipe, 
naturally a small amount of water had to accumulate 
before the stream began flowing over the dam, or, in 
other words, this arrangement necessitated the existence 
of a small pool above the dam, in which the coarser 
material carried by the stream was deposited. When 
the diverting pipe was again opened, such material was 
inevitably carried away by the lowering of the water level 
in this pool, and the material was lost as a part of the 
silt accumulation. To overcome this difficulty, in 1913 
there was inserted through the dam an additional short 
pipe to comprise an intake to the basin. This is at the 
same level as the diverting pipe. There is left, therefore, 
no cause for an accumulation of either water or sand 
above the dam. Diversion of the stream is accomplished 
by merely removing the cap from the diverting pipe and 
placing it on the intake pipe. It will be understood, of 
course, that the intake pipe may not be able to carry the 
entire stream in flood stage, the water still having access 
to the large notch in the dam. 

The so-called tailrace is merely a pipe so placed as to 
carry away the water as it falls from the weir, with a 
ininimum of splashing and with the object of preventing 
the formation of ice about the weir in cold weather. 
This pipe leads the water underground many feet away 
from the dam, where it may be emptied into the natural 
channel of the stream. 

The settling basins were originally protected by means 
f joists and sheeting, with a flat cover which would 
«xclude sticks and other foreign matter that might clog 
(he weirs and which would also prevent dirt from washing 
iver the walls and would eliminate wave-action in the 
basins from wind. 

In the case of Dam A it has been necessary to supple- 
nent this by a housing which would further conserve 
‘he heat of the water, and in severe weather to create 
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some artificial heat under this housing, in order that the 
flow at the weir and the height measurements might not 
be interrupted by ice formation. That there has been 
practically no difficulty of this kind at Dam B is due, no 
doubt, largely to the warmth of one of the stream tribu- 
taries, and in small part to better insulation of the dam 
throughout the winter. 


SETTLING BASINS AND SILT MEASUREMENTS. 


The effectiveness of the basins herein described in 
collecting the solid matter brought down by the streams 
is, of course, dependent primarily on the time allowed 
for such material to settle. The basins were originally 
designed to be proportionate in capacity to the watershed 
areas. Actual measurements in July and September, 
1913, however, after the above-described changes in the 
weirs, etc., showed the slight discrepancy noted in 
Table 4. 


TABLE 4 
Basin capacity. 


Cubic feet 


Cubic feet. | per acre of 

watershed. 
DamA..... mies 824 3. 703 
BSUS aes Rs ade ses 772 3. 852 


These figures represent the capacities to the lowest 
points in the respective weir notches. Actually, of 
course, the basins always held at least 5 per cent more 
water than is indicated; relatively, the capacity of B is 
4 per cent greater than that of A. 

Computed from a mean annual flow of stream A of 
553 cubic feet per hour, the above capacities mean that 
under average conditions the water in the basins is re- 
placed about once in every 89 minutes, or flows through 
the basins at the rate of 1 foot in 44 minutes. Actually, 
there is probably always a main current from the intake 
to the weir of much greater velocity than this. In flood 
times the periods might be reduced to one-tenth of these 
mean values. 

Even in flood times, however, the basins have seemed 
to be very effective in clearing the water of ite burden, 
except for a small amount of very fine and light organic 
matter. Actual study of the water which passes over 
the weirs was not made until the spring of 1920. The 
evaporation of the samples then taken indicates that 
the water carries a very trifling amount of silt at ordi- 
nary stages, but possibly at all times about 0.01 per 
cent of soluble matter, which, of course, no settling would 
eliminate. This would amount, in one year, to approx- 
imately 30,000 pounds of solids for stream A, or 20 to 
50 times the weight of the silt collected in the basins. 
This seems startling, but it should be remembered that 
this load carried away by the water, of which we have no 
record, is quite independent of any surface erosion, and 
it is not seen that it could be greatly affected by the pres- 
ence or absence of forests. 
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The silt accumulated in the basins is now actually 
measured three times a year, or about April 15, July 15, 
and October 15, in the following manner: 

1. The stream is diverted around the basin. 

2. The water in the basin is siphoned out. 

3. Such water as can not be siphoned out, together 
with the solid matter, is shoveled into buckets and these 
in turn are emptied into large flat pans. Some water is 
added with the final sweeping of the material toward the 
lowest point in the floor. 

4. The material in the pans is allowed to settle and 
some water is drawn off day by day. Finally, that which 
remains is allowed to evaporate, until the solid matter 
becomes dry enough so that it can be readily handled in 
sacks. 

5. The moist material is spread on the floor of a drying- 
When fully air-dried, the total weight is obtained 
and two samples are taken from the collection for each 
basin. 


shed. 


6. The moisture content of these two samples is deter- 
mined through drying in hot-water-bath oven, and the 
net oven-dry weight of the whole collection may then be 
computed. 

7. As a matter of possible further interest, the organic 
content of these oven-dry samples is determined by igni- 
tion at The mineral residue is retained for 
future reference. 


red heat. 


LOCATION, EQUIPMENT, AND PERSONNEL OF 


STATIONS. 


OBSERVING 


In the beginning it was thought advisable to establish 
six primary meteorological stations. One is near the 
office and living quarters and is called the C station; 
there are two on each of the watersheds, and the last is 
on the extreme upper portion of A, to represent the higher 
altitudes of both watersheds, known as the D station. 

The primary stations on both watersheds are situated 
near the lower boundaries, one on the north slope and the 
other directly across the ravine in which the stream 
flows, on the opposite slope. North-slope stations are 
known as A-1I and B-1, south-slope as A-2 and B-2. 
The two pairs of watershed stations are the most impor- 
tant, and: for this reason the location of these stations 
was selected with great care, the object being to secure as 
nearly identical conditions of topography and timber 
cover as possible. A~1 occupies about the same topo- 
graphical position in Watershed A as B-1 in Watershed 
B, and A-2 the same as B-2. 

The general topography of the watersheds and the 
location of primary and secondary stations are shown on 
figure 17. 

The forest cover at all four of these stations was as 
uniform as it was possible to find, but even so, there are 
slight differences in the stand as follows: B—1 densest, 
A-1 second, B-2 third, and A-2 fourth. All stations are 
in Douglas fir stands. Station D is in a burned area, and 
Station C is outside the experimental area and the timber. 


(See also Fig. 1). 


In the office quarters at this station are housed the auto- 
matic registering instruments that record sunshine and 
rainfall at the C station and wind velocity and rainfall! 
at D. 

Station A—1.—Station A-1 is 700 feet S. 40° W. of 
Dam A, and 9,601 feet above sea level. The station is 
on a steep slope, angle 31° 20’, azimuth N. 24° W. 
Directly west of the thermometer shelter is a large open 
rock slide. While the surface of the ground at the station 
has a shallow covering of moss and fir needles, there is 
very little soil in the ordinary meaning of that term. 
Three or four inches below the surface small loose stones 
are found which can be removed by the hands. At this 
particular spot the interstices between the stones are 
more or less open, there being insufficient top soil to wash 
down and fill them. It is possible, therefore, to dig a 
good-sized hole with the hands simply by removing the 
loose rock. The trees are of Douglas fir, averaging about 
14 inches in diameter, and having a crown density of 6 
on a scale of 10. The large open rock slide to the west 
of the instrument shelter was selected for the rain gage 
because free from obstruction to the falling rain. The 
anemometer was also mounted in this open space. On 
account of the steep north slope this station receives 
practically no sunshine in the winter season. The in- 
strumental equipment consists of one small louvred 
instrument shelter with its floor 7.5 feet above the ground, 
in which are installed maximum and minimum thermom- 
eters, a thermograph, and a hygrograph. Dry-and-wet 
bulb temperatures are taken with a hand-whirled psychro- 
meter, the observer standing on the platform approach to 
the shelter. The anemometer ismounted ona wooden post 
and its cups are 4.9 feet above the ground. The anemo- 
meter is mounted in the customary vertical fashion, and 
since the wind on such a slope has a direction up or down 
the slope, we are really recording a modified component 
of its real velocity. The mouth of the raingage is 4.7 
feet above the ground. An ordinary 8-inch overflow 
raingage is used. A snow bin, 5 feet by 5 feet was in- 
stalled to the northeast of the shelter. This bin is used 
only for determining the depth of the newly fallen snow 
and is emptied at each observation. The snow caught 
in the 8-inch gage is used as the standard. The bulb 
of a telethermoscope buried 1 foot in the ground, just 
west of the instrument shelter, gives the soil temperature 
at that depth. The 4-foot temperature is obtained by a 
thermometer in a l-inch iron pipe. Between the instru- 
ment shelter and the anemometer a board shanty, 6 feet 
by 8 feet, has been built for the convenience of the ob- 
server. Itis low and so placed as not to interfere with the 
exposure of the instruments. 

Station A-2.—Station A-2 is located 550 feet N. 80 
W, of Dam A. Its elevation above sea level is 9,60° 
feet. The station is just across stream A from Station 
A-1, and horizontally distant but 406 feet. The slope i: 
however, entirely different, the angle being 34° 20’ 
toward S. 56° E. This station is exposed to the su: 
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nearly all day. The soil is composed of earth and large 
rock fragments, the rocks weighing, say, 100 to 200 
pounds, and being firmly embedded in the earth. Very 
\ittke humus is found on the ground. The timber is 
Douglas fir, the trees being about 18 inches in diameter 
with a crown density of 5 on a scale of 10. The instru- 
ments are an 8-inch rain-gage and a maximum and a 
minimum thermometer, exposed in a small louvred 
shelter as at A-1. The floor of the shelter is 6.9 feet 
above the ground. 

Station B-1.—Station B-1 is located 381 feet S. 30’ 
\V. of Dam B and is 9,426 feet above sea level. The slope 
of the ground is 37°.30’ toward N. 24° E. The soil is 
mostly a sandy loam, with broken rock interspersed and 
with a good cover of fir needles. The station receives but 
little sunshine in winter. The instrument shelter is in 
the densest Douglas fir on the watersheds. The trees 
are not large, probably 6 inches average trunk, but they 
are close together, with a crown density of 9 on a scale 
of 10.. This tract of fir is small in extent, and the timber 
changes abruptly at its western edge to aspen, with young 
fir coming on. In this aspen and young fir, which is 
dense and about 15 feet high, an open space was cleared 
for the rain-gage and anemometer: In clearing this space 
the rule that no object should be nearer to the raingage 
than its own height was observed as far as practicable. 
This cleared space is well protected from the wind. The 
change that takes place in the wind movement at this 
station after denuding ought to be a correct index of the 
effect of a forest on this factor. The snow bin is located 
at the extreme western edge. of the cleared space. The 
floor of the instrument shelter is 7.3 feet above the 
ground, the mouth of the raingage 4.1 feet, and the- 
anemometer cups 4.7 feet. The instrumental equipment 
consists of maximum and minimum thermometers, a 
thermograph, and a hygrograph, all in a small louvred 
shelter of the same pattern as on A;a rain gage of standard 
8-inch overflow pattern; an anemometer mounted verti- 
cally; a snow bin 5 feet by 5 feet. A telethermoscope 
whose bulb is 1 foot in the ground just west of the instru- 
ment shelter was installed in January, 1912, for the pur- 
pose of observing soil temperatures. The iron pipe for 
\-foot temperatures was installed in September, 1913. <A 
shanty 6 by 8 feet was built for convenience and shelter. 

Station D.—Station D is located near the top of the 
mountain, elevation 10,949 feet above sea level. This 
station is in the burned region, and hence the only 
timber consists of dead trees, standing and fallen. The 
ground in the vicinity of the station is practically level. 
The station is exposed to winds from all directions 
except the west, where it is slightly protected by rising 
vround. The soil is clay gravel, tough enough to make 
cood mortar.. The equipment consists of one small 
louvred instrument shelter whose floor is 6.9 feet above 

e ground, containing maximum and minimum ther- 

meters and a thermograph; one 12-inch tipping- 
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bucket raingage 4.9 feet above the ground, which is 
connected with a recorder at the C. station by aerial 
wire; one 8-inch overflow raingage 4.9 feet above the 
ground, and one snow bin are in close proximity to the 
shelter. Soil temperatures are obtained from thermom- 
eters in tubes, the shorter one being of wood. A log 
shanty has been built for the comfort and convenience 
of the observer. Telephonic communication is main- 
tained with the office by the use of one of the rain-gage 
wires and a ground return. 

Station C.—The C station was from the start equipped 
with a rather complete set of meteorological instruments 
as follows: Two standard barometers, a barograph, a 
triple register recording wind direction, velocity, sun- 
shine, and rainfall. A standard Weather Bureau instru- 
ment shelter on galvanized-iron supports was installed 
on a grass-covered east slope, 400 feet north of the office 
building, and the raingage was placed 300 feet farther 
north in.a stand of young aspen. The floor of the 
instrument shelter is 11.3 feet above ground, the wind 
vane is 16.9 feet, and the anemometer is 15.6 feet above 
ground. 

Snow scales.—In order to determine the depth and 
density of the accumulated snowfall of winter, 32 per- 
manent points of measurement were selected, 18 on A 
and 14 on B. At each point a permanent snow scale 
or stake 12 feet high was firmly set in the ground. 
Each scale represents a definite area and the scale 
reading is applied to the acreage of the area. The 
details of slope and exposure of the snow scales appears 
in Table 18, and the location may be seen by references 
to figure 17. 

Personnel.—The . following-named employees of the 
Forest Service were actively connected with the work 
of getting the experiment station under way, viz., Mr. 
Niles Hughel, who did the surveying, and Mr. Claude R. 
Tillotson, who rendered valuable assistance in a number 
of ways. Mr. Peter Keplinger served as observer and 
representative of the Forest Service during the early 
years of the work, and Messrs. Murdock, Flint, and 
Glendening of the Forest Service also served at the 
station. 

On the part of the Weather Bureau, Mr. Benjamin C. 
Kadel planned and installed the equipment and appa- 
ratus for the meteorological observations, snow surveys, 
precise streamflow measurements, and determination of 
coefficient of stream discharge, and started the observa- 
tional work in October, 1910. In all of this work he 
was ably assisted by Forest Service employees on duty 
at the station. 

Following is a list of Weather Bureau officials who 
have served at this station. 

Mr. Benjamin C. Kadel,® June, 1910, to August, 1912. 

Mr. Harris A. Jones,5 August, 1912, to February, 1914. 

Mr. T. A. Blair,> March, 1916, to March, 1918. 


In charge. 


— 
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Mr. A. A. Justice,’ February, 1916, to September, 1917. 

Mr. J. H. Jarboe,® September, 1917, to Octoher, 1918. 

Mr. E. H. Jones,° October, 1918. 

Mr. Julius C. Smith, August, 1912, to May, 1913. 

Mr. B. R. Laskowski, June, 1913, to September, 1914. 

Mr. M. M. Maguire, September, 1914, to October, 1916. 

Mr. A. C. Wright, May, 1916, to September, 1917. 

Mr. H. M. Howell, November, 1916, to May, 1917. 

Mr. G. P. Murphy, September, 1917, to October, 1917. 

Mr. BE. H. Fletcher, October, 1918, to December, 1918. 
THE PROGRAM OF OBSERVATIONS. 

The program of meteorological and stream-flow obser- 
vations as originally adopted was not materially changed 
during the first stage of the experiment. It involves 
daily observations, at 9 a. m., at Stations A-1, A-2, B-1, 
B-2, and C. 

In the beginning the north-slope stations of the two 
watersheds were given the more complete instrumental 
equipment as follows: Maximum, minimum, dry and wet 


thermometers, a thermograph, a hygrograph, an ane- * 


mometer, a standard 8-inch raingage, a 5-foot snow bin, 
and a 12-foot snow scale, the latter set permanently into 
the ground. Later in the experiment a shielded snow 
gage of the Marvin pattern was added at all of the meteor- 
ological stations. Thermometers for determining the soil 
temperature at depths of 12 and 48 inches were also 
added on north slopes in 1912. Weekly determinations 
of soil moisture at all watershed stations were made 
during the summer months of 1914 to 1919, both inclusive. 
‘The equipment of the south-slope stations in the be- 
ginning was limited to maximum and minimum ther- 
On May 31, 
1913, the thermometric readings were discontinued and 
a little later soil temperatures at 18 and 48 inches were 
begun. Precipitation was continuously recorded at south- 
lope stations throughout the experiment. 


mometers, a raingage, and a snow scale. 


Finally, measurements of depth of snow on the ground 
dvily were made at all primary watershed stations except 
D. Beginning with December of each year, a bimonthly 
measurement of the depth and density was made at each 
snow-scale on the watershed until near the beginning of 
the snow-melting season in the spring, when the meas- 
urements were made at three-day intervals in 1912 and 
1913. Beginning with March, 1914, and continuing to 
date, the observations have been at five-day intervals 
during that period. 

At the D station, by reason of its remoteness from the 
camp, the sheets of the automatic instruments were 
changed at 6-day intervals and eye readings for check 
purposes were made on the dates when the sheets were 
changed. The daily record of wind velocity and of rain- 
fall in the summer were automatically registered in the 
office at the C station by electrical transmission line. 
The height of the water in 
the basins above the V-notch in the weirs was auto- 


Strea m-flow measurements. 


* In charge. 


matically recorded by a Friez water-stage recorder ani 
the instrumental record was checked by the daily readiny 
of a hook gage. 

In July, 1911, the rectangular weirs were torn out and 
triangular weirs installed. The advantages of triangular 
weirs may be stated as follows: Perfect aeration of nappe; 
automatic accommodation to all stages, with particular 
advantage in the case of extremely low stage; an in- 
creased amplitude of oscillation of the water surface in 
the basin at low stage, with consequent increase in the 
accuracy of the measurements; the use of but one func- 
tion, height, in the computations; and the elimination of 
the leading channels from the structural work. These 
leading channels are difficult to construct with uniform 
sides, while without them a difficult and doubtful cor- 
rection for end contraction must be introduced. The 
weirs are simply steel plates 3 feet by 4 feet and 0.5 
inch thick, out of which right-angled notches have been 
cut. The vertical depth of each notch is 1.5 feet, which 
gives a maximum capacity of 7 second-feet—seven times 
greater than the crest of the flood of October, 1911. The 
faces of the weirs are beveled off for a distance of 2 
inches on the downstream side, with a crest width of 
one-sixteenth inch. The flow of water under gravity 
over a triangular weir of this form is given by the U. S. 
Geological Survey as 2.64 times the five-halves power 
of the head, the flow being expressed in cubic feet per 
second, and the head being the vertical height in feet of 
the still water in the pond above the vortex of the weir 
notch. The above formula is the same as derived by 
Prof. James Thompson, of Belfast, in the experiment 
with a triangular weir of a piece of thin sheet iron. 

For the purpose of measuring the height of the water 
in the basin above the weir notch, a Boyden hook gage, 
an instrument familar to engineers, is used. The essen- 
tial principle of the instrument is that the setting is 
effected by causing the point of a hook to approach the 
water surface from the under side. The method is so 
accurate that different observers never vary more than 
0.001 foot from the same reading. The Boyden gage is 
secured to a concrete wall be means of bolts set in the 
concrete. For the purpose of stilling any waves that 
may be present, a piece of iron pipe, 6 inches in diameter, 
the top projecting about 6 inches above the water, is set 
under the hook gage. The pipe rests unevenly on the 
concrete bottom of the basin, and to provide further for 
the free access of water, a half-inch hole was drilled 
through the side of the pipe 6 inches from the lower end. 
For the purpose of setting the zero of the hook gage to 
the level of the weir notch, a special arrangement was 
devised. A section of iron pipe was embedded in a con- 
crete base weighing some 10 pounds. Into the top of the 
pipe a wooden plug was driven. A screw hook was 
then straightened out and one end sharpened to a point. 
The screw hook was then screwed into the wooden 
block so that the length of the base pipe and hook was 
approximately the depth of the water in the basin abou 
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Fic. 8. Dam A, showing cross-channel wall and’ wing wall extending upstream to 


ridge of clay. 
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Fic. 9. Completed basin at Dam A from upstream end. Column in center—still 
well, later enlarged for 20-inch float. 





Fic, 10. Completed basin at Dam A with rectangular weirs, as seen from dow: 
stream end. 
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foot back of the weir. The entire apparatus was then 
et into the basin just back of the weir. By means of a 
-pirit level, one end of which is filed to fit into the weir 
notch, the point of the screw hook may be finally 
adjusted to the level of the weir notch. The water in 
the basin is then adjusted so that the screw hook 
just pierces the surface. The hook gage may then be 
set to its zero. The method is simple and accurate, and 
frequent examinations of the accuracy of the zero may 
be made without difficulty. Diagrams showing the gen- 
cral plan and details of construction of the dams will be 
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Fig. 6. General plan of dams. 


found in figures 6 and 7, and halftone figures 8-14 further 
illustrate the methods of construction of the dams. 
Discharge coefiicients.—To obtain the high degree of 
accuracy required in the stream-flow investigation, it 
was thought best actually to determine the discharge 
coefficients rather than to accept the published values. 
This was particularly necessary because the weirs differ 
slightly from the Thompson weir in that they had to be 
made one-half inch thick to provide the necessary 
strength, while the Thompson weirs were of thin sheet 
ron. Furthermore, every weir must of necessity be 
ubject to its own departures in construction from a 
heoretically perfect cutting of the angle, crest width, 
ind level. Also, in placing the weir in position, the 
oncrete may set unevenly, thus throwing the weir 
lightly out of plumb. For each dam, three tanks made 
if 16-gage galvanized iron, with iron hoop at the top 
im, each tank.4 feet in diameter and 4 feet in depth, 


were mounted on a platform built far enough below the 
dam to give the required fall. Over the middle of the 
platform a galvanized-iron funnel, top 24-inch diameter, 
tube 6-inch diameter, was suspended in a gimbal or 
universal joint, so that the lower end of the funnel hung 
just above the tops of the tanks. The overflow from 
the weir is conveyed into this funnel through a V-shaped 
trough, lined with galvanized iron. The method of 
suspension of the funnel permits the water to be directed 
into either of the three tanks or into a wooden waste pipe, 
the change being effected in a fraction of a second. The 
areas of the tanks were determined by taking the.circum- 
ferences at four heights in each tank with a steel tape, 
then computing the mean area for that portion of the tank 
used, allowance being made for the thickness of the iron. 
To eliminate the error due to irregularity of bottom the 
tanks were first filled to a depth of about 2 inches and 
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Fia. 7, Details of construction and measuring devices 


measurements of this height and of the height after the 
tank was filled were made by means of a hook gage, 
which was made by transcribing the graduations from 
a surveyor’s rod. The time of beginning and ending 
a test was determined by use of an ordinary watch. 
Tests were made by two men, one man making continu- 
ous readings of the hook gage in the basin while the 
second men filled the tanks. Practically all of the tests 
were made at times of very little fluctuation in the head, 
and the mean of all hook-gage readings was used as the 
head. The detailed measurements and computations 
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are too numerous to reproduce. Each individual entry 
represents a measurement of from 40 to 130 cubic feet of 
water, most tests having been made with the larger 
amounts. The only tests thrown out were a few that 
were unpardonably bad, the cause of the discrepancies 
being generally recognized and noted. 

“rom these tests, of which several hundred were made 
at varying heads, rating tables, known as “ preliminary 
tables,’’ were constructed and used in determining the 
discharge from July 25, 1911, to April 30, 1912. 

Subsequently all of the material used in constructing 
the preliminary tables, plus a few additional tests, was 
revised in the light of the new evidence and combined in 
tables known as the Kadel-Keplinger tables; and these 
tables, which did not differ materially from the prelimi- 
nary tables, were used during the period May 1, 1912, to 
March 31, 1914, for A, and May 1, 1912, to August 31, 
1913, for B. A second critical examination of all of the 
tests available up to the autumn of 1913 was made by 


Mr. C. G. Bates, of the Forest Service, in October, 1913. 
and rating tables were constructed (the Bates tables). 
These tables were put into use on B in September, 1913, 
and on A on April 1, 1914. 

Table 5 shows the coefficients on which the several! 
tables are based, for identical heads. These are the fig- 
ures to be substituted for 2.640 in the U.S. G. S. formula 
for triangular weirs in general. The several tables are 
to be distinguished by the following letters: P, Prelimi- 


nary tables; K, Kadel-Keplinger tables; B, Bates tables. 


TABLI 


Coefficient Coefficient | Coefficient 
Head. ( P) “ 


( K ). { B . 
0. 300 2. 660 2.622 2.639 
0. 400 2. 620 2.590 2. 606 
0. 500 2. 580 2. 573 2. 585 
Oe icascedaeoace 2. 564 2. 571 
5 og, rrr 2. 561 2. 563 
5 Df sees 2. 557 2.558 
RUE lecspscerce 2. 554 2.553 





CHAPTER II. 
THE CLIMATE OF THE WAGON WHEEL GAP AREA. 


The geographic location of the Wagon Wheel Gap 
area, remote from both oceans and in the midst of a 
rugged mountain area, imposes upon it a climate which 
partakes of the charactertistics both of mountain and 
continental climates. With this idea constantly in 
mind, the following climatic elements will be discussed 
iui order: Temperature of air and soil, precipitation (rain 
and snow), humidity of the air, direction and velocity of 
the wind, sunshine, and cloudiness. The various sta- 
tistics as compiled for the calendar months will be pre- 
sented in the order in which the different elements are 
taken up in the text. Publication of the monthly or 
weekly statistics in extenso is deferred until the final 
report is made. The streamflow record has been made 
to begin after the date of the installation of triangular 
weirs, viz, in July, 1911. The meteorological record 
begins with November, 1910, although complete obser- 
vations are not available until after July, 1911. 


AIR TEMPERATURE.’ 


The discussion of temperature is based on daily sys- 
tematic observations of standard thermometers exposed 
in the regulation thermometer shelter at the north-slope 
stations of both watersheds for a period of eight years, 
1911 to 1918, inclusive. Daily thermometric observa- 
tions are also available for the south-slope stations on 
both watersheds from November, 1910, to May, 1913, a 
period of 31 months. Thermographs were maintained at 
north-slope stations and also at the D station for the 
entire eight-year period and at the G station for the four 
1914 to 1917. The monthly means as deduced 
from hourly readings of the thermographs, checked by 
daily comparisons with the mercurial thermometers in 
the case of A and B, and weekly comparisons in the case 
of the D and G stations, are given in Table 6. 


years, 


(ABLE 6.—Monthly mean temperature, north-slope stations of watersheds 
1 and B, Wagon Wheel Gap experiment stations, 1911 to 1918, tn- 
lusive, except for the G station, which is based on the four years, 1914 
to 1917. ( Pram hourly readings.) 


Jan. Feb.| Mar. Apr. | May. June. July.| Aug. Sept. Oct. Nov.) De 

15.6 17.7 | 24.3 | 32.4 41.3 51.1 53.6) 51.8 45.5) 35.9 24.8 14.7 
14.9 17.3 24.0 | 32.5 41.5 51.2 53.8) 51.8 45.3 | 35.8 24.3 13.9 
15.6 17.0 21.2 | 27.7 | 36.3 47.5 50.2/ 49.0 43.0) 33.6 24.7 15. 1 
12.7 15.8 18.9 26.8) 32.6 45.4 49.1 47.0 41.8 392.8 25.2) 14.5 


Degrees Fahrenheit and English units are used throughout this discussion. 
North slope. 


Considering the north-slope stations as representative 
of the watersheds, it is at once apparent that the mean 
temperature of the two watersheds is practically the 
same. The differences range from 0.8° in December to 
0° in August. A is uniformly higher than B, except in 
the months April to July, inclusive, when it is a small 
fraction of a dezree cooler on the average than B. 

These small differences in the mean are derived, of 
course, from larger differences in the individual readings; 
it is interesting to note that they are most pronounced 
in the daily maximum temperatures and for the season 
close to the equinoxes; they may therefore have a purely 
astronomical origin, viz, in the different angle of incidence 
of the sun’s rays on the lower portion of A as compared 
with B. The azimuth of A slope at station A-1 is 
north 24 degrees west, while that of B is north 24 degrees 
east. As noon approaches in the latitude of Wagon 
Wheel Gap, in March for example, the sun will be moving 
not upward along the prime vertical, but obliquely 
toward the south-southwest. After reaching the meridian 
its course will be obliquely toward the north-northwest, 
in which position its rays will fall upon portions of the 
slopes of A at a higher angle than on B. 

The D station, at an elevation of 1,355 feet higher than 
A-1, and 1,530 feet higher than B-1, has practically the 
same winter mean temperature as the lower stations, a 
spring temperature 4° lower, summer about 3° lower, 
and autumn 1.5° lower. ‘The winter minimum tempera- 
tures of the D station are considerably higher than 
those of the lower levels; hence the equality in the 
winter means. The G station is 624 feet higher than D, 
on a ridge between two small streams and about 500 feet 
below the highest part of the ridge. It is colder than D 
in all months of the year, more so in winter than in 
summer. It is included in Table 6 merely to complete 
the record. 

Advance of the season. 
indicated by the rate of increase in the monthly mean 
temperature from March to May, inclusive, is shown by 
the figures in Table 7. 
in advance of others in the matter of the normal increase 
of temperature with the advance of the season. The 
average increase in monthly mean temperature, March 
to May, inclusive, is 26.8°, but this increase may come 
early, as in 1913, or late, as in 1918, and in some seasons 
(See in this 


The character of the season as 


Some seasons are considerably 


the average increase may not be realized 
in 

















this feature, the monthly means of the daily extremes 
for the eight full years at the north-slope stations is 
presented in Table 8. 


TABLE 8. Monthly means of the daily mavima and daily minima 


WATERSHED A. 


Jan. Feb. Mar. Apr. May. June. July. Aug. Sept. Oct. Nov. Dec. ‘ 
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connection Prof. Marvin’s discussion of the Annual 
March of Temperature, on subsequent pages.) 

TaBLe 7.—Increase in monthly mean temperature. 

In °F 

, March to’ Apriito May to es ssiiiten 

Year April. 4 ay. June. otal. Remarks. 
1911 6.5 9.0 7.9 23.4 
1912 5.2 12.9 6.5 24.6 
1913 12.1 10.5 4.8 27.4 | A cold ‘prii. 
1914 8.4 9.0 8.4 25.8 
1915 13.3 3.1 12.1 28.5 
1916 5.3 8.1 11.0 24.4 
1917 11.3 6.2 15.7 33. 2 
1918 3.4 11.6 12.3 27.3 


South slopes._-The south slope of each watershed is 
somewhat warmer than the north slope, but the excess in 
the monthly means is generally less than a whole degree, 
except that for the cold months, November to March, it 
may amount to as much as 2° or 3°. The excess in 


monthly means, south over north slope, is as follows: 


Novem- Desem-, Janu- Febru- a 

ber. ber. ary. ary. March. 
\ 2.1 1.8 1.8 1.6 0.6 
B 2.5 3.0 3.7 2.6 1.8 


This comparison is based upon monthly means that 
have been derived from the daily extremes instead of the 
24-hourly readings as in Table 6. A series of corrections 
to reduce the means derived from the daily extremes to 
the true daily means shows that for watershed A the 
mean temperature, maximum and minimum, divided by 
2, gives results that are in excess of the true daily means 
by amounts varying from 0 in February to 2.1° in August. 
In general, the corrections for the summer months in 
both watersheds are the greatest. In the B watersheds 
small positive and negative corrections offset each other 
in the mean, with the result that in three months of the 
year the correction is zero. In the A watershed positive 
corrections were rarely found in the individual months 
and not at all in the final means. Further analvsis of the 
excess in monthly mean temperature as above shows that 
this excess is due to higher maxima on the south slopes 
of the respective watersheds; thus: 


Excess of maxima on south over north slope (31 
months’ observations), means for 


Novem- De*em- 


5 Febru- pame 
ber. her. January ary. March 
Watershed A... 3.6 3.3 3.4 eo 0.8 
Watershed B..... 5.3 4.9 5.0 4.4 3.3 


The mean minima for the identical periods and slopes 
are slightly higher for the south than for the north slopes, 
although the greatest excess for any month does not 
equal 1°. If we go still farther and make an intercom- 
parison between corresponding slopes of the two water- 
sheds we find that the mean temperature, regardless of 


how obtained, is substantially the same. As illustrating 


er 25.3 28.4 36.4 44.6 54.3 66.6 68.6 67.0 59.7 47.7 36.1 24.2) 46.¢ 
ee 6.2 7.7) 13.7; 22.0 29.7) 37.5 42.8 40.8 34.6 26.1 15.2) 5.8 23.5 
WATERSHED B. 

Mav.......| 24.4 27.8 34.9) 43.1 53.3) 65.6 67.6 65.6 57.9 47.1) 35.3) 23.3 45.5 
Min........ 5.6 7,2 13.5) 21.8 29.3) 36.9 42.3 40.3 34.1 26.0 14.7 5.1 23.1 
D(UPPER PART WATERSHED A). 

Max.......| 24.9 27.0 31.7 37.2 45.9 58.0 60.7 60.0| 53.7 43.8 35.4 24.6) 41.9 
re cnthaial 7.5, 8.9 12.3) 18.9, 27.1 37.8 41.8 40.3) 34.4 25.1) 16.2 7.4) 23.1 


While the means in Table 8 show that the north slope 
of A is slightly warmer (1.1° on the mean of the year) than 
the corresponding slope of B, the observations made on 
the south slopes of the two watersheds show that both 
the daily maxima and the daily minima of the south 
slope of B are higher by a small amount, not to exceed 
2° in the mean, than on the corresponding slope of water- 
shed A. 

Monthly extremes of temperature.--An examination of 
the monthly extremes of temperature at stations A-1, 
B-1, and D brings out the following points: 

The absolute range in temperature for the eight-year 
period, January, 1911, to December, 1918, inclusive, was 
106° for Station A—1, or from 24° below zero to 82° above; 
for Station B—-1, 105°, or from — 25° to 80°; and for station 
D, 94°, from — 22° to 72°. 

The highest temperature ever recorded during the 
period of observation at A-1 was 82°, on June 10, 1915, 
and July 4, 1916, and the lowest, — 24°, on February 1, 
1916; at B-1 the highest temperature ever recorded was 
80° on June 11, 1918, and the lowest — 25° on February 
1, 1916; and at Station D, the highest temperature ever 
recorded was 72° on June 11, 1918, and July 5, 1913, and 
the lowest — 22° on January 2, 1919. 

The extreme temperatures for each month and year are 


included in Table 9. 
Absolute maximum and absolute 


TABLE 9 minimum temperature 


ABSOLUTE MAXIMUM. 


Jan. Feb.| Mar.) Apr.! May.| June. July.’ Aug. Sept.) Oct.| Nov. Dec. | Yea 


A-1......, 4 43 4 60 70 82 S2 77 71 67 53 45 4 
2 Reape 45 41 52 58 69 SO 79 76 69 66 53 44 AS 
os 50 43 14 55 62 72 72 71 65 63 4 47 


ABSOLUTE MINIMUM, 


A-1......—21 24 s l 10 22 31 33 17 5 |—1ll —16 - 
a ee 25 10 0 ll 22 30 32 18 5 —1ll —17 -. 
Rak ain 22 21 8 1 | 4 19 29 32 15 -1 ~—13 —J8 ms 
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This tabulation shows that during the winter period, 
November to February, inclusive, the absolute maximum 
at the higher elevation, D, is generally above the maxima 
at the lower stations, and, during the same period, the 
absolute minimum at the higher station is occasionally 
not so low as the minima at the lower elevations. 

These results, while somewhat at variance with the or- 
dinary view of the law of temperature change with alti- 
tude, are nevertheless quite in accord with the later views 
upon the temperature conditions which prevail in the free 
air at neighborig mountain and slope stations. The D 
station is located in a burned-over region and is not pro- 
tected by the shade of the timber; it is subject to unob- 
structed insolation at all times of the year. It is prob- 
able that these facts, together with the greater opportu- 
nity for warming by reflected heat from the snow cover 
and dead timber, will account for the higher maxima 
observed in the cold season. 

As elsewhere stated, there is more opportunity for air 
mixing due to wind movement at the D station than at 
the slope stations at lower levels, consequently higher 
minima. There is another type of temperature inversion 
that occasionally appears in mid-winter, viz, a decided 
rise of temperature at the upper stations which does not 
appear at the lower stations; an example is given in 
Table 10. 


TaBLeE 10.—Temperature inversion, Wagon Colorado, 


Wheel Gap, 
February 10, 1918. 


Temperature, °F, 


Station. — 
Mean. Maximum. Minimum. 
River Valley......... 8, 437 6.1 30 —13 
Mth cmadiiteddindetdamtad 9, 601 17.5 34 4 
MINES 8B. AE AB, Se IR 10, 956 25.0 41 14 


The rate of decrease of temperature with increase of 
elevation in this example is about 1° F in 100 feet. In- 
versions of this character appear to occur in connection 
with a certain well-defined type of pressure distribution 
over Colorado. They are not material in this discussion. 

Mean daily range of temperature-—The mean daily 
range of temperature at the two north-slope stations is 
practically the same. averaging about 22° on the mean of 
the year. Itis about 4° less at the more elevated stations, 
D and G, and is greatest on the south slopes of both water- 
sheds. The south slope of watershed A has a greater 


daily range than the north slope, but the excess is not so, 


pronounced as for watershed B. 

Diurnal variation.—The diurnal variation of tempera- 
ture at the Wagon Wheel Gap stations is largely a matter 
of academic interest. It has been calculated for the A~1 
and the D stations. 

The amplitude of the variation at the upper station is 
onsiderably less than at the lower station and the hour 
{f occurrence of the maximum and the minimum tem- 
peratures at the upper station is earlier in the day than at 
the lower station; for example, the hour of maximum in 

70115—22——3 


winter at D falls at 1:00 p. m., whereas at A it occurs 2 
hours later. The D station is probably less affected by 
surface conditions of slope and surface cover than the A-1 
station and reacts to atmospheric process much as would 
a point in the free air. 

Variations from the mean.—Eight years, of course, is too 
short.a period within which to expect anything like the 
full swing of the means from one extreme to the other, but 
the small range in the monthly means was unexpected. 
The average excess above the mean is 4° and the average 
deficiency 3.2°. The greatest deficiency was 6.3° in 
March. In the snow-melting season, March to May, the 
greatest excess was 4.6° in March, 1916, and the greatest 
deficiency occurred in March, 1917. In general it would 
appear that the variation from the mean at elevated sta- 
tions is less than on the lowlands. Comparing the varia- 
tions from the mean for Longs Peak, Larimer County, 
altitude above sea level 8,600 feet, with those for Wagon 
Wheel Gap, shows very substantial agreement between 
the two stations. 

Prof. C. F. Marvin has kindly contributed a discussion 
of the annual march of the mean temperature at Wagon 
Wheel Gap, as follows: 


ANNUAL MARCH OF MEAN TEMPERATURE. 
Wagon Wheel Gap, Colo., Station A. 


By Prof. C. F. Marvin. 


This discussion is based on a harmonic analysis of the values of the 
weekly mean temperature computed from values of the means of the 
daily maximum and minimum. The period covers the observations 
from July 2, 1911, to July 2, 1919. The extra day over 52 weeks in a 
year has been included in the week designated by the central date, 
July 12, which week contains 8 instead of 7 days, viz, July 9 to 16, 
inclusive. February 29 on leap years was similarly included in the 
week designated March 1, viz, February 26 to March 4, inclusive. 

While observations of hourly values are available, a correction to 
reduce the mean of the maximum and minimum to the mean of the 
24-hourly values has not been computed or applied for this relatively 
short period. , 

As a matter of convenience or mathematical advantage, the annual 
cycle was chosen to begin with July 2, partly because the observations 
were thoroughly established and homogenous after this date, but 
chiefly because this date is near the period of the summer-time maxi 
mum and nearly stationary temperatures. 
correction which the mathematical theory requires be applied to adjust 
the data to a perfectly closed cycle is then more likely to be small than 
if the year begins amidst the great fluctuations which mark the mid- 
winter season. In the present case the cycle fails to close by only 0.89, 
that is, the eight-year weekly mean for the first week of the cycle should 
be identical with the eight-year mean for the fifty-third week. The 
latter is 0.89 too high, but an adjustment for this small discrepancy is 
deemed unnecessary . 

A harmonic analysis of long records for a considerable number o 
stations widely distributed over the United States shows conclusively 
that the annual march of temperature over large sections, especially in 
the Northeast, is remarkably well represented by a single fundamenta 
sine curve. Elsewhere such a fundamental and a harmonic of the 
second order suffice to fit the data in a highly satisfactory manner. 

The same thing is found to be true in the case of the Wagon Wheel 
Gap data, even for the short period of eight years. A least-square 
analysis of the weekly mean temperatures gives the following har 
monic equation of the second order: 

(t=34°.85+4-20°.94 cos (@—14° 55.’ 1)—1°.20 cos (204-67" 51.°7 


The somewhat uncertain 
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This is remarkably like the corresponding equation for Denver from 
the record of 45 years from 1872 to 1916, and closely resembles the curve 
for Omaha for the same period. Of course, the mean annual tempera- 
tures as given in the constant term of the equations differ. and, as to be 
expected, the extreme range as represented by the coefficients of the 
cosine terms is smaller at Wagon Wheel Gap on account of its high 
altitude. The dates for the summer maximum and the winter mini- 
mum are identical to a day at the two stations, Denver and Wagon 
Wheel Gap, namely between July 26 and 27 and between January 12 
and 13. 


GENERALIZATIONS. 


Figure 15 shows the sweep of the annual curve and how the smooth 
mathematical line threads its way through the irregular march of the 
observed weekly means. Across the middle portion of the figure is 
shown without distortion the same irregular march of the weekly 
means. The residuals or departures in this case are calculated and 


JULY AUG SEPT 


17 7 14 ! 


OcT 


12 19 26/2 9 16 23 


DEC 
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duration. One can not critically examine these warm and cool crest 
in conjunction with the detailed annual records without being mucl: 
impressed with how greatly the distinguishing features depend for their 
presence in the record upon a single or a few conspring abnormalities 0/ 
a particular week ora single year. The deep crests of cold in Decembe: 
and warm peaks of January and February are largely due to exceptiona! 
weeks or years of extremes of this character which impress features upo: 
the record which are gradually effaced only in a very long record. 
Without attempting to give here the reasoning, it is easy to show that 
as the length of the record increases the amplitude of the conspicuous 
crests grows smaller and smaller, seeming to indicate a tendency of the 
means of long series of observations to approach closer and closer to some 
such line as that given by the equation. 

We may even expect the amplitude of the second harmonic to dimin 
ish or become inconsequental in some cases, but hardly in this section 
of the country. The second harmonic with an amplitude of 1.69° is 
clearly defined in the 45-year record at Denver and also at Omaha 
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FEB. 
8 15 22 
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10 17 


ANNUAL MARCH OF TEMPERA 
WAGON WHEEL GAP. COLO. 


STATION A 


JULY 2. 1911 TO JULY 1. 1919 
t = 34°85 * 20°94 cos(@-14°55) 4120 cos (26 - 112° 8) 





Fig. 15. Annual march of temperature at Wagon Wheel Gap. 


plotted with reference to the main fundamental wave represented by the 
horizontal axis. There is also depicted by itself the second harmonic, 
the small amplitude of which (1°.20), as compared with that of the 
major wave, is noteworthy. The absence in the residuals of any con- 
spicuous periodicity running through the whole year other than the 
second harmonic is the most striking feature of the data, and it is 
obvious a Fourier series can represent the residuals only when a large 
number of terms are employed. Any idea that such higher harmonics 
have a real existence in such a case or that any physical significance can 
be attached to them, is extremely difficult to prove. 

Scanning the trace of residuals through the year, we note that for the 
eight years of these records quite normal conditions prevailed from July 
to the middle of October when a period of higher temperatures set in— 
crests a, ¢, with the cool wave b between them. 

December, including the first week of January, is marked by protracted 
cold weather, d, e, followed in turn by alternating crests of notably 
warm and cool spells, /, g, h, extending to the second week of April 
when alternating crests i, j, k, 1, of cool weather mark the balance o; the 
month extending through May to the middle of June, when the year 
closes with a marked crest, m, of warm weather of nearly three weeks 


with an amplitude of 1.87°, and evidence is distinctly wanting in these 
cases also of the presence of particular harmonics of higher order. It is 
fully recognized, of course, that the residuals can all be reduced to zero 
simply by computing additional terms of the Fourier series up to the 
possible maximum of 25 harmonics. The important point to grasp, 
however, is that the Fourier series as applied to the annual march of 
temperature converges with extreme rapidity, so that two terms only, 
sometimes one, entirely suffice. After that it is not a question of con- 
vergence, but simply a gradual closer approximation permitted by eac! 
addition of new constants to the equation. 

The representation and the equation presented in the foregoing dea!- 
ing with the normal weekly temperature at Wagon Wheel Gap station 
and the daily normals easily derived therefrom, as also the discussion 
of conspicuous features of the departures, are presented with great cor - 
fidence, and any method of discussing such data without the use of a1 
appropriate mathematical curve, such as plotting the data and drawinz 
smooth free-hand curves, must be considered very unsatisfactory 1 
comparison. ‘To appreciate the power and superiority of the math: 
matics to analyze such data it must be recognized that the record con - 
prises nearly 3,000 days of observation. The calculated temperatu 
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fr any given week, for example, does not depend alone upon the 
p.ltry number of 56 single observations which make up the observed 
v.lue of the eight-year weekly mean of this value modified partly by 
a regard for the observed values for adiacent weeks. In fact, every 
o'er value throughout the year has its influence upon any one accord- 
inz to its place. Each single calculated value has the full and partial 
weight and influence of many hundreds of observations back of it, a 
result otherwise unattainable without centuries of observations. The 
numerical data follow: 


T,sLe 11.—Weekly mean temperature, Station A, Wagon Wheel Gap, 
Colorado. 


SsUMS—DATA ARRANGED FOR CALCULATION OF HARMONIC COEFFI- 
CIENTS. 


[Period of record, July 2, 1911, to July 1, 1919] 











r eer So pats Haas aah eons b 
iiss wor pie 
©... ame 55.1 Te eteles oad mead 628| 41.4 68.8 
1. ee 56.8 12.0 | 14.5 56.2 139.5 %.5/— 19 
es 55.9 13.9 15.6 54.1) 1305) sa5}+ 1 
Dei 54.6 14.7 15.0 52.3 136.6 77.2'+ 2 
igi 56.2 16.8 | 13.8 48.3 135. 1 73.9, + 109 
exe ttt 54.6 20.5 19.5 45.5} 140.1 60.1) + 101 
6... 5s 53.6 24.2 | 18.3 45.6 141.7 56.7! + 139 
”._;.. ae 52.8 24.4 | 7.3 42.3 136.8 53.4/+ 176 
8... op ee 51.2 27.5 18.8 40.8| 138.3 45.7) + 191 
°... ee 49.8 31.7 23.3 36.2 141.0 31.0! + 220 
10... owaka bee 47.8 33.6 22.2 36.2 | 139.8 282\/+ 230 
i... ee 45.5 34.9 26.0 33.4 139.8 18.0) + 210 
9... -ganeeen 43.2 37.9 28.9 33.1) 143.1 95/)+ 191 
13... .cemeene rh EERE Sed EAS eT: 30.9 72.2 72.2|+ 104 
Sums. ....c.< 718.4 305.8 233. 2 554.9 | 1,812.3 734.3 | +2,361 
CALCULATED VALUES, FIRST HARMON‘. 
r bv’ a’ cos@,  bsin@, A; cos@,| B, siné, Sum. Diff. 
im 
vOnne 41.4 4. So eee oo eee 
asad + 3l 85.9 mae 20. 09 0.65 20. 74 i9. 44 
2. .... ae + 35 78.2 +.0 19. 65 1.29 20. 94 | 18. 36 
ncaa + 26 72.2 .7 18. 92 1.91 20. 83 | 17.01 
\... ce ae + 49 65.4 5.1 17.92 2. 51 20. 43 | 15.41 
ee + 81 49.5 5.7 16. 66 3.06 19. 72 13. 60 
6.... seca + 21 42.4 9.2 15.15 3.58 18. 73 11.57 
‘ania + 3 35.4 13.2 13. 42 4. 04 17. 46 | 9. 38 
5... +17 26.0 15.7 11.50 4. 4 15. 4 7.06 
». Jee + 52 14.4 19.5 9. 40 4.77 14.17 4.63 
0... + 2 10.0 21.5 7.18 5. O4 12. 22 2.14 
Te + 32 4.3 20.4 4. 34 5.24 10. 08 | - .40 
Ss eee + ll L1 19.0 2. 44 5. 35 7.79 ~2.91 
[3 ...0cccemne od" Ney erect herrea Te Esa ee 5.39 ¢ 4 Sapa pags 
SuMS....220e% +909 ey eC) en ore Gtidbslootl-><csees 
| 
Ze Bi ony ys 5 
A 52 =34. 85 tan¢ og © e=14° 551.1’ 15, 14 days after July 5 
= 29! 0086 on, 238 ui VA? + Bi %= 20, 04 
B= > PSN Ors 392 
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Aa Aacos.26' xb’ rb’. sin. 2 
—3.4 - 3.4 51.8 + 0.0 
3.6 — 3.5 4.2 + 10 
—0.3 — 0.3 6.7 + 3.1 
—3.2 — 2.4 2.8 + 19 
—5.9 | — 3.4 10. 1 + 8&3 
+18 + .6 9.8 + 9.2 
+4.9 + .6 5.5 + 5.5 
Se iedaabervane +29. 0 
11.8 * 
Ao=— 6 =—, 4538 
Byam — oom 41.1154 
¢2' =—67° 51.7’ 


a,’ =—1.204 


O at @= 11° 4.2’=11. 23 days= 1.6 weeks 
lax. at 0= 56° 4.2’= 56.89 days=8.13 weeks 


CALCULATED VALUES, 


— 
—_ 
—_— 


SECOND HARMONIC. 


r As cos. 28 | Bz sin. 20 Sum. 
0 te 0.45 
1 4 +0, 27 - 17 
2 40 + .52 + .12 
3) — . + .74 + .40 
4 -2 | + .92 + .66 
5 16 | +-1,04 
6 — ,06 +111 +1. 06 
7 + .05 +1.11 +1. 16 
8 + .16 +1, 04 +1. 20 
9 + .2 + .92 +1, 18 
10 + .34 + .74 +1. 08 
ll + .40 + .52 + .92 
12 + .44 + .27 + .71 
13 + .45 + .45 


TABLE 12. 


Weekly mean temperature, 


Station A, Wagon Wheel Gap, 


Colorado 





OBSERVED AND CALCULATED VALUES WITH RESIDUALS. 
[Period of record July 2, 1911, to July 1, 1919.) 
, . 2d my 
Date. x y, y Cor. har- } 
obs'd. calc. yy monic cal 

July 5 . - 0 55.1 5. 1 0.0 0. 45 4. 64 
2 HERE ST Ts ee Pee A414 56. 8 55. 6 1.2 17 Mi 42 
2... 2 ».9 5. 8 l 12 5. G1 
tee ds hoes uated 3 54.6 55.7 LI + . 40 iH. O8 
pe STS 4 %. 2 55. 3 4 + .06 ). 04 
5 M.6 14.6 + 0 + SS 55. 45 
6 53.6 53.6 + .0 +1. 06 Hh. 4 
7 52.8 52,3 + .5 +1, 16 53. 47 
5 S 51.2 WD.8 + .4 +1. 20 51, 99 
Sept. 9 49.8 49.0 + 8 +118 50, 20 
10 47.8 47.1 .7 +1. 08 $8.15 
ll 45.5 44.9 + .6 + .92 45. 85 
12 43.2 42.6 + .6 71 43.35 
Oct. 13 41.3 40.2 | +11 + .45 40. 69 
14 37.9 37.8 om 17 37. 93 
15 34.9 35.2 | - .3 12 35.13 
16 33.6 32.7 9 .40 32. 31 
Nov. 17 31.7 30. 2 +1.5 . 66 29. 56 
18 27.5 27.8 .3 . 88 26. 91 
19 24.4 25.5 1.1 1. 06 24. 41 
20 24.2 23.3 + .9 1. 16 22, 12 
21 20. 5 21.2 7 1.20 20. 05 
Dec. 22 16.8 19. 4 2.6 1.18 18, 26 
23 14.7 17.8 3.1 1. 08 16, 76 
24 13.9 16.5 2.6 92 15. 57 
25 12.0 15,4 3.4 71 14.70 
Jan. 26 13.7 14.6 9 45 14. l€ 
27 14.5 14.1 4 1 13, 04 
2s 15.6 13.9 1.6 12 14. 03 
2 15,0 14.0 +1.0 + .40 14, 42 
Feb. 30 13. 8 14.4 6 6 15. O% 
31 19.5 15. 1 +44 + . 8S 16, 01 
32 18.3 16. 1 2.2 1.06 17. 18 
33 17.3 | 17.4 a +1. 16 18, 55 
Mar 34 18.8 18.9 a +1. 20 20. 11 
35 23.3 20.7 2.6 +118 21, 86 
36 22,2 22.6 4 +1, 08 23. 71 
37 26.0 24.8 1.2 + .W2 25. 69 
y 3S 24.9 27.1 1.8 71 27.77 
Apr. 39 30.9 29.5 +1.4 45 29. 91 
Ba 33. 1 31.9 +1.2 7 $2. 11 
41 33.4 34.5 L.1 2 34. 33 
42 36, 2 37.0 & 40 4. 
May | 43 36. 2 39.5 4.3 66 38. 82 
44 40.8 41.9 1.1 SS 41.03 
45 42.3 4.2 1.9 1.06 43.17 
46 45.6 4.4 .8 1.16 45. 26 
47 45.5 45.4 2.9 1.20 47.25 
DORD Veotidnséadennsees 48 48.3 w.3 2.0 1,18 49, 08 
14... 49 52.3 51.9 ‘4 —1, 08 758 
Diseonkastusette DD h4. 1 33.2  ] g2 2, 29 
bese ddssbocabess 51 4%. 2 4.3 +1.9 71 iB. SS 


Calculation fixes the annual 
Maximum at @= 21° 7’ 
Annual minimum at @= 188° 20’ 
viz, July 54-21.43 days=July 26.43. 
and Jan. 114 1.60 days=Jan. 12.60. 


To prevent any confusion th 
verbal description of the temy 
sheds, a table of comparative 
prepared and is presented as 


at may arise from a purely 
verature of the two water- 
monthly means has been 
‘able 13. 
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TABLE 13.--Comparative mean temperatures. 


MONTHLY MEANS FROM 24-HOUR READINGS, 


Stations, Jan. Feb.|Mar. Apr. May.| June. July.’ Aug. Sept.| Oct. Nov. Dec. ae 
‘minus By. +0.7+0.4 +0.3/—0.1—0.2 —0.2 —0.1 0.0 +0.3/+0.140.5/+0.8 40.2 
A, minus By 0.4 —0.4 —0.4,—0.6 —0.4 0.0 +0.2 0.0 —0.1 —0.6 +0.2 +0.2 —0.2 


MONTHLY MEAN MAXIMUM, 


\, minus B,. +0.9'+0.5 


) 0 +1.0 41.041.4 +1.8 40.6 +0.9 +0.9 +1. 
A, minus By 0.7\—1.4 -1.6 —0.4 —0.6 —1. 


, 1 
.3 —0.9 —0.7 —1.4 —1.3 —0. 0. 1 


MONTHLY MEAN MINIMUM, 


4, minus B,. +0.6 40.5 +0.2,40.2+40.3 40.6 +0.540.5 4 
A, minus B,. +0.7)+0.5 4+0.3'4+0.240.6 +1.1 40.8 40.4 +1. 


A-1 and B-1 are north slope stations; A~2 and B-2 
are south slope stations. 

The mean maximum temperature of A (north slope) 
is higher by 1.1° on the average of the year than that of B 
snd the mean minimum of A is higher throughout the 
year than B by amounts ranging from 0.1° to 1.1°. 

South slope temperatures.—It is quite evident that, 
while the mean maximum temperatures of the south 
slope of A, as represented by station A—2, are lower than 
for the corresponding slope of B, the mean minimum 
temperatures of B are about the same amount higher, 
thus offsetting the effect of the lower maxima on A. It is 
obvious that the amount of solar energy received on each 
unit of surface in the south slopes is greater than on north 
slopes because the sun’s rays are very nearly perpen- 
dicular at certain hours of the day. Since, however, only 
a small part of the solar energy is absorbed by the atmos- 
phere, we should expect little effect upon air temperature 
as compared with soil temperature. The greatest effect 
of south slope insolation may be looked for in snow melt- 
ing around and near objects which reflect the solar rays 
or absorb and reradiate them. 

Prof. Kimball has computed the amount of solar radia- 
tion in gram-calories (amount of heat required to raise 
the temperature of a gram of water 1° C.) for each of the 
north and south slope stations on both watersheds. The 
results are given in Table 14. This table shows that 
while the total radiation per unit of surface which falls 
upon the two south-slope stations is practically the same, 
the amount which falls upon the two north-slope stations 
is slightly different at different seasons. For the vernal 
equinox—the time of snow-melting—solar radiation 
becomes effective on north slope of B a little earlier in the 
morning than on A, but, on the other hand, the intensity 
of radiation on the north slope of A reaches a higher value 
thanon B. The maximum on A is 0.61 gram-calorie per 
minute at 2 p. m., whereas the maximum on north 
slope of B is but 0.46 gram-calorie per minute at 11 a. m. 
A is constantly higher than B from 10 a. m. to 5 p. m. 
and the difference is especially noticeable in the afternoon 
hours. The daily excess A over B is 78 gram-calories. 





THE EFFECT OF SLOPE UPON THE QUANTITY OF SOLAR 


RADIATION RECEIVED PER UNIT OF SURFACE. 
Prof. H. H. Kimsatt. 


Let A equal the latitude of the place, and C the.angle of slope. For 
a south slope the angle of incidence of the solar rays with the surface 
for different hour angles of the sun will be the same as on a horizontal 
surface at latitude \—C. The possible hours of sunshine with south 
or minus solar declination will not be changed; but for north or plus 
solar declination they will be the same as for latitude A—C. For 
a north slope the angle of incidence of the solar rays with the s* rface 
for different hour angles of the sun will be the same as at latitude A+ (. 
The possible hours of sunshine with north, or plus solar declination will 
not be changed; but for south, or minus declination they will be the 
same as for latitude A+-C. 

Thus, on a south slope of 7 per cent, or 4°, at latitude 35°, the angle 
of incidence of the solar rays will be the same as on a horizontal surface 
at 31° N., and on a south slope of 35°, or 70 per cent, at latitude 35°, 
the angle of incidence of the solar rays will be the same as on a hori- 
zontal surface at the equator, and from March 21 to September 21, in- 
clusive, the hours of possible sunshine will likewise be the same, 
namely, 12 hours. Ona north slope of 45°, or 100 per cent, at latitude 
45° N., the angle of incidence of the solar rays will be the same as on a 
horizontal surface at the north pole. It will receive sunshine only 
between March 21 and September 21, and the possible hours of sun- 
shine will be the same as at latitude 45°. Such a surface will therefore 
receive less solar radiation than a horizontal surface at the North Pole. 

In the case of a slope facing a degrees in azimuth, the angle of inci- 
dence of the solar rays will be the same as on a horizontal surface at a 
point on a great circle passing through the slope at right angles to it 
and as many degrees removed as the angle of the slope. We may locate 
this point in latitude and longitude by the solution of the right-angled 
spherical triangle of which C, the angle of slope, is the hypotenuse: 
a is one of the angles, the side b is the difference in longitude between 
the point and the slope, and side a is the difference in latitude. The 
Cos @ P ° . 

oo" and sin a=sin @ sin ¢, 

Example: At Wagon Wheel Gap, Colorado, at latitude 37° 46/ 
north, longitude 106° 53’ west, and elevation about 10,000 feet, are 
four slopes, A-2, B-2, A-1, and B-1, facing south 56° east, south 45° 
east, north 24° west, and north 24° east, and with angular slopes of 
34° 20’, 30°, 31° 20’, and 37° 30’, respectively. The points where hori- 
zontal surfaces are parallel to these slopes are as follows: 

A-2, latitude 16° 52’ north, longitude 79° west. 

B-2, latitude 15° 34’ north, longitude 86° 11’ west. 
A-1, latitude 66° 51’ north, longitude 119° 6’ west. 
B-1, latitude 72° 48’ north, longitude 92° 33’ west. 

The solar-radiation intensities upon these slopes has been computed 
upon the assumption that at normal incidence the intensity is as given 
in Table 5c, MontHty WEATHER Review, Nov., 1919, 47: 774 for lati- 
tude 37° 46’ increased by 1 per cent for the increased elevation at 
Wagon Wheel Gap. The resultsare givenin Table 14. 

On slopes A—2 and B-2, where the radiation intensity is high through 
out the year, the snow that falls disappears quickly, as elsewhere shown. 
On slopes A-1 and B-1, which receive no direct solar radiation in mid- 
winter and a greatly reduced amount throughout the year,. the snow 
accumulates to a great depth. 


computation equations are tan b= 


TaBLe 14.—Radiation intensity upon slopes at Wagon 


Wheel Gi p, 
Colorado. 


{Gram-calories per minute per square centimeter of surface. Apparent Time.) 


Gram-calories. 


Slope. Date. ' ' 
5a.m.'6a.m.,\7a.m.|}8a.m. 9a.m.10a.m. lla.m. 12m 

A-3..... 5 ee. ae ered 0.53 0.92 1.08 1.09 ¢.98 
ee % 9 0.07 0.73 1.11 1.34 1.45 1.44 31 

June 21 0.12 51 34 1.12 1.29 1.40 1.39 27 

B-2 OY 0 ee (epee re rey eeaeee 49 .89 1.06 1.13 1.07 
| i Ue ivetés ace . 06 63 1.02 1.29 1.44 1.48 1.40 

June 21 .08 41 74 1.03 1.25 1.38 1.41 1.34 

A-1..... FS) ESR ESE eal See: Se et. PE . 02 O8 
| 2 Ss ee a ey - 06 | 15 .26 32 

eae See 03 -17 .32 45 . 55 60 

June 21 .03 28 45 . 65 .82 96 1.06 ul 

meG5 ot 2 DY: TE hc acovudlcbwdechulstedeusk - 04 ll 15 PY 16 
FF aa Ol 17 . 29 . 38 44 - 46 45 

June 21 15 43 61 -74 . 84 90 - 93 3 
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(apLe 14,—Radiation ey ee slopes at Wagon Wheel Gap, 








Color Yontinued. 
Gram-calories. 
: lope. Date. Mwy ste + ag 7 a ie —— 2 ens pely 
ip.m./2p.m. 3p.m,/4p.m. 5 p.m. |6p.m. 7 p.m, 8 p.m.) 
a ™ | ’ 
y ee Dec. 21. 0.77) 0.50 379 
Mag 21 1.08 -77 | 588 
June 21 1.28 1.07 | 643 
3-2......| Dee. Bi . 89 .78 402 
Mar. 21 1.20 .92 596 
June 21 1.17 - 98 641 
. Jan. 21 .08 .O1 ll 
Feb. 21 . 33 -29 105 
Mar. 21 -61 | .87 259 
| June 21 1.12 eS gee 608 
B-1..i000 Feb. 21 -12 ee EitcudenUeedentiaidwedsces’ pitktonsbuheeibenad 46 
Mar. 21 .40 33 .23 ll 2 3 eer hh! a 181 
June 21 . 88 . 80 -71 . 59 45 .30 yg nee 554 


SOIL TEMPERATURE. 


The superficial soil layers receive and absorb incoming 
solar energy by day and lose heat as outgoing radiation 
by night. Whenever, therefore, the incoming radiation 
is in excess of the outgoing, the temperature of the soil 
rises and in due season reaches an annual maximum, 
thence receding to the annual minimum in midwinter. 
As in the case of air temperature, there are also short 
periods of temporary rises and falls in the temperature 
of the soil, as well as the more gradual seasonal progres- 
sion. The magnitude of the accidental changes is largely 
a matter of the depth below the surface at which meas- 
urements are made. In this discussion we are concerned 
almost wholly with the seasonal changes at a depth of 
12 inches, although observations of soil temperatures at 
a depth of 48 inches are also available. Between 5 and 
6 years observations are available for both watersheds, 
and the D station representing the extreme upper portion 
of watershed A. The detailed weekly means for both 
slopes of the two watersheds are given in Table 15. 


TaBLE 15.—Weekly mean soil tenperature, 12 inches below surface. 


North slopes, | South slopes, North slopes, | South slopes, 


12 inches. 12 inches. 12 inches. 12 inches, 
Date. EAS: fapre4 Date. 
A. B. A, B. A. B. A. B. 

Jan. 7 19.9 240; 29.8 26.6) July 1 41.6 46.1 4.7 (56.3 
14 19.1 23.5) 28.6) 25.9 8 43) 47.1 M48 =656.3 

21 19.2! 23.3) 28.4 25. 6 16 020 45.1 48.0, 53.7 55.6 

| 187| 21 27.7; 25.0 23 047.2) «48.7) 5423) 55.7 

Feb. 4 19.1/ 22.9) 280 25.4 w 47.9 487) 53.6 548 
ll 18.7! 23.4) 27.9 2.8) Aug. 6 481 49.3 53.7 55.0 

18 18.7; 23.5) 28.3] 26.6 13 47.6 4991.3 53.3) 54.5 

%| 10.4) 27! 27| 27.3 20 8647.4 $8.3 52.0 53.2 

Mar. 4; 20.3, 242; 28.6) 285 27 45 48.0) 51.8) 53.1 
11|; 20.4 24.3, 29.1 28.0 Sept. 3 453 47.4 51.1 52.4 

18! 21.1 24.8 31.5 28.9 10 49.4 46.2) 50.8 51.5 

25/' 21.3! 25.1 31.2 30.7 7 4642.30 «44.2; 488 49.8 

Apr. 1/ 221 25.8 32.0) 32.2 24 38.8 42.4 48.7 49.3 
8} 234! 2.8] 932.5/ 33.5), Oct. 1 36.4 40.6 46.7 46.6 

15 24.8 28.1 33. 4 34.6 » 264) 20.7 45.8 45.1 

22; 26.9, 20.4) 33.8 > 35.1 1 34.0 37.6; 44.1 42.4 

29; 20.7; 20.2) 35.4 37.0 22 328; 35.8) 425) 41.4 

May 6, 31.6 31.2| 36.4 37.5 20 9230 OMG 1.7 40.0 
13; 31.8 32.7 38.3) 387: No.. 5) 31.6 33.3; 4.9 30.4 

20} 32.1 34.2 40.6 42.4 3; $2.1 32.7) 30.8, 37.5 

27] 32.1 36.2 422 43.8 19 «= 29.1 31.0| 36.4 3 

June 3] 32.2 380 43.7 45.2 2% 2.8 > 20.4 36.4 3.6 
10| 34.4 39. 4 45.0 46.9 Dee. 3 23.2 20) 35.3 9 

17| 37.2 41.9 19.9, 51.8 10 226 2.9) 33.9 1 

24 30.5 44.1 52.6, 53.8 17 21.300 26.6) 32.0 7.7 

24 «20.6 0«=—24.8| +9=330.3 9 

310.0 24.229. 7 








The very decided topographic contrast between differ- 
ent portions of the same watershed is responsible for the 
differences in both air and soil temperatures, particularly 


the latter, which are found to exist between north and 
south slopes. It is impracticable to combine the soil 
observations into a mean that will truly represent the 
watershed as a whole; hence this discussion will be by 
corresponding slopes on the two watersheds. The south 
slopes form approximately about 30 per cent of the total 
area of the respective watersheds. Strictly speaking, the 
mean values of Table 14 refer only to the area in the 
immediate vicinity of the observing station. The air and 
soil temperature observations were made at the principal 
meteorological stations, A~1, A-2, and B-1, B-2, repre- 
senting the lower portion of the watersheds. 

North slopes.—B is warmer than A by 3.2° F. on the 
average of the year, the greatest difference, 4.8°, being 
in June. The soil temperatures then approach but do 
not reach equality, the difference for August being 1.4°, 
B being the warmer. A rather wide departure in October 
is followed by a second approach toward equality in the 
second week in November, doubtless due to the cooling 
of the first snow cover of the season. The soil tempera- 
tures of the two slopes then separate and remain about 
4.0° apart on the average until the thawing season of the 
ensuing spring brings them practically together for a short 
time at 32° each in the middle of May. The wide sepa- 
ration in June may be due to local conditions of soil 
moisture at station A-1, since, as may be seen from the 
figures of Table 14, the weekly means for that station in 
the spring remain at substantially 32° from May 6 to 
June 3, whereas the means for the corresponding slope of 
B show a steady rise, so that by June 3 the mean of the 
north slope of B is 6.2° higher than A. In view of the 
great specific heat of water, it may be argued that satu- 
rated soil at 32° will have a tendency to change its tem- 
perature slowly. The soil-moisture observations for June 
show that the north slope of A has on the average a 
greater moisture content than the north slope of B. This 
wide divergence is not apparent in the records of the 
south slopes. 

South slopes.—The south slope of A is warmer than 
the corresponding slope of B from October to March, 
inclusive, and slightly colder in the remaining or warm 
weather months. The excess of south slope A over south 
slope B for the cold months averages 2.3°; the average 
excess of B during the summer months is 1.1°. 

Lag between air and soil temperatures.—As might he ex- 
pected, the annual maximum soil temperature is reached 
on the south slopes and at the D station about a month 
earlier than on the north slope stations. At D there is no 
appreciable lag at a depth of 12 inches; at 48 inches the 
lag is about a month. The north slope of B eppears to 
respond to insolation more readily than the correspond- 
ing slope of A, because it is consistently warmer and in 
some years the annual maximum temperature is reached 
concurrently with the annual maximum air temperature. 
This happened on the A watershed in but a single year, 
viz, 1917. 

Influence of snow cover.—With the coming of a snow 
cover in autumn, even though light, the soil temperature 
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to a depth of 12 inches sinks for several days and con- 
tinues to fall slowly until it reaches the winter minimum 
during the first week in February on B and the second 
week on A. ; 

The amount of temperature fall at a depth of 12 inches 
caused by a slight snow cover seems to depend upon the 
soil temperature at the time snow fell; thus, a relatively 
light snowfall when the soil temperature is 4 or 5 degrees 
above freezing will cause a steady fall tor five days at 
least, amounting on the average to about a degree a day. 
If, however, the soil temperature is near the freezing 
point when the snow comes, the fall in temperature -will 
average but a fraction of a degree a day and may even 
rise slightly for a day or so. The cooling appears to be 
nearly equal on the two watersheds and is, if anything, 
alittle greater on A than B, and the temperature sinks 
to a lower level on the north slope of A than on the cor- 
responding slope of B. 

The soil on the south slopes naturally responds to 
insolation more freely than that on the north slopes for 
reasons before given, also because of the fact that since 
the snow cover melts earlier, the bare soil begins to 
receive and absorb solar heat about a month sooner 
than on the north slopes. 

The differences in soil temperature herein set forth 
must have a bearing upon the snow melting in the 
autumn and early winter. 


PRECIPITATION. 

The precipitation is measured daily at five points 
within walking distance of the headquarters station, viz, 
at station C (headquarters), which may be considered as 
representative of the southern portion of both water- 
sheds, in watershed A and B respectively, at the two 
slope stations A-1 and A-2, B-1 and B-2. Recording 
rain-gages of the tipping-bucket type are in operation 
during the warm season at stations C and D and the 
records from these stations are used to apportion the 
hourly amounts in both watersheds throughout the 24 
hours. The watershed precipitation, midnight to mid- 
night, is determined by taking the larger of the two quan- 
tities recorded at the two rainfall stations in each 
watershed, adding to that quantity the amount of the 
precipitation at D and dividing the sum by 2. 

The watershed precipitation as thus determined is 
given in the tables of Chapter III (see Table 36). On 
the average of eight years, watershed A has a mean 
annual precipitation of 21.02 inches and watershed B 
of 21.09 inches, or practically the same. The greatest 
difference in any one year was 1.03 inches in 1912-13, 
B having the greater amount. 

In the revision of the program of meteorological ob- 
servations effected in 1913, the precipitation year was 
made to begin November 1 instead of January 1. Later, 
for reasons which will appear in Chapter III, the year 
was made to begin October 1. 

Colorado being remote from any large body of water 
and somewhat south of the average path of cyclones, 
does not at any season receive a generous amount of 


precipitation. The greatest average for the State, 20 to 25 
inches, occurs on the western slope of the Rocky Moun- 
tains at altitudes above mean sea level of 10,000 fect 
and over. While the extreme upper part of both water- 
sheds has an altitude somewhat above 10,000 feet, the 
situation of the area, with respect to the westerly winds, 
is not favorable to heavy precipitation, since westerly to 
northerly winds are descending winds and consequently 
dry. The precipitation is very nearly equally divided 
between rain and snow, with the former about 4 per cent 
greater than the latter; thus, rain 52 per cent and snow 
48 per cent. 

There is a well-marked rainy season in July and 
August, at least 55 per cent of the rain falling in those 
months. Precipitation as rain may occur as early as 
April and as late as October, although in late spring and 
early autumn, when beginning as rain, it is quite apt to 
change to snow before it ends. Snow in considerable 
amounts may fall in the latter part of September, but 
the real beginning of the snow season may be fixed as 
the last week in October. The first snowfall usually dis- 
appears by melting and evaporation, and it is not until 
the temperature during the afternoon hours does not 
rise above freezing that the snow cover may be said to 
be permanent for the winter. 

Rainfalls of great intensity rarely occur at Wagon 
Wheel Gap. During the eight years considered but a 
single heavy 24-hour rain occurred, viz, on October 5-6, 
1911. 

Greatest amount of precipitation in 24 hours.—The 
greatest amount of precipitation that occurred as rain 
or snow for each month from the beginning of observa- 
tions to June 30, 1919, is given in Table 16. The data 
are for the C (headquarters) station. The maximum 
amounts for the months May to October occurred as 
rain, for the remaining months as snow. This table 
clearly shows that heavy rains as much as 2 inches in 
24 hours are the exception, but one such having occurred 
in the eight and one-half years of record. 


TABLE 16.—Greatest amount of precipitation in 24 hours (inches a) 


hundredths). 
Jan. | Feb. Mar.| Apr. | May. |June./July.| Aug. |Sept., Oct. Nov | De 

en eS RMS OS OE yO) MERE AO Dee Clase eee Ae 0.40 | 0.20 
191l..... 0.36 | 0.63 0.47 | 0.18 | 0.31 | 0.44 | 0.71 | 1.27 | 0.56 | 2.60 .36| .67 
1912..... .20| .23| .46|..42] .13| .53| .77| .68! .14|) .60/ .87| 35 
1913..... .82| .34! .43| .27| .21| .75| .68| .77-| .08! .97| .45| .54 
1914..... 83} .40' .30| .22| .60| .67/ 1.22) .48| .72| .68| .O1] .45 
1915..... -38|) .68) .11| .60| ,37| .20] 1.00; .78| .88| .25| .92] .78 
1916..... 63} .12' .42|, .37| .24| .11/ 1.11 | 1.90] .37/1.03! .16] .24 
1917..... -75| .26| .24| .O8) .43/ .13| .60) .30) .25| .00| .55/ «18 
1918..... -80; .47' .83| .47| .00| .20| .82| .99/1.06| .36| .85] .58 
1919..... E20) S08) See t AT AB tibicdessdly-visbtevssbdee ine. 

Intensity of precipitation—To present statistics of 


intensity of precipitation in some detail, the 24-hour 
precipitation (rain or snow) has been classed accordin; 
to the scale shown in Table 17. Since, however, the 
runoff from snow appears at the end of the cold seaso 
and is not immediately effective in producing increase: 
streamflow, the rain only has been classified in group 
according to intensity of the 24-hour amounts. It 1 
considered that rains of 0.10 inch and less in the summe 
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is a rule serve merely to replenish losses due to tran- 
spiration and evaporation and do not directly effect 
streamflow. Rains greater than 0.10 inch may be con- 
sidered effective in producing a slight increase in stream- 
‘low, depending, of course, so far as the lower limit of the 
scale is concerned, upon conditions of soil moisture and 
other factors. With a saturated soil a precipitation so 
small as 0.01 inch will produce a measurable response in 
streamflow. 

The result of this second classification of rains gives the 
following very interesting results (in hundredths of an 
inch): 





Average intensity of rains. 


June. July. August. September. October. | 


| ees 0. 26 0.33 0.30 0. 32 0.40 
ibs can ek -3l 33 . 30 35 46 


This tabulation shows conclusively that the intensity 
of the rains is practically the same for each month of the 
season and substantially the same on both watersheds, 
with a tendency to be greater on B, at times, than on A. 


TABLE 17.—Jntensity of rainfall A (days with total precipitation). 


Days with— 
ays wit | feck 
Total es 
effective 4 
1 inch rains ys, 
and | (days). 0.02 inch 


| 
T.to0.01 0.02to O.1lto O3lto O51 to 


inch. 0.10inch. gh teste 1 inch. over. or more 
1912 42 59 43 13 3 0 59 118 
aoe 67 61 36 10 1l 0 57 118 
|) eens 8 67 36 ll 9 0 56 123 
1915 50 45 32 13 8 2 | Mb 100 
1GNGs dn doa 37 63 32 17 y 1 | 59 122 
IGRe cache 66 58 26 14 5 1 46 104 
IGGR, cites 77 52 43 12 S 2 65 127 


The rainfall intensity has been independently com- 
puted by dividing the average monthly precipitation by 
the average number of rainy days, classing as a rainy 
day all days with 0.02 inch of precipitation or more. 

The results are shown graphically in figure 16, and are 
explained as follows: The average monthly precipita- 
tion (adjusted for inequality in length) is shown by the 
rectangular figures opposite the respective months. The 
heavy line in the center of the rectangle represents the 
average number of rainy days and the shaded portion of 
the rectangle at the bottom gives the intensity of the 
precipitation as above indicated. The intensity by this 
method is somewhat less than when only the so-called 
effective rains are considered. 

Thunderstorms.—Much of the summer rain comes in 
the form of afternoon thundershowers in July and 
August. Thundershowers may occur, however, as early 
as April, before the snow cover has disappeared from 
north slopes. The amount of rain which falls in these 
early thundershowers rarely exceeds half an inch, the 
greater part of which is absorbed by the snow cover. 
Since the weather associated with April and May thun- 
derstorms genérally turns cooler and the precipitation 
which begins as rain turns to snow, the run-off never 


assumes flood proportions. The thunderstorm season is 
from the last half of April to the middle of October, 
and the months of greatest frequency July and August. 
The average number per season is 70. 

Snowfall.—While the snowfall forms a little less than 
50 per cent of the total precipitation, it yields consider- 
ably more than 50 per cent of the run-off. The total 
precipitation in the months November to March, inclu- 
sive, is in the form of snow, and the precipitation of 


00 
60 
60 
40 
20 
00 
80 


“eae we 
rainy days 


num 








Aver. 


40 
.20 
00 20.0 


Rain end snow 
-——— —-§ YH ww He & 


rain per rainy day 


-40 14 
-20 12 
-00 10. 
-80 8 
60 
-40 
-20 
.00 


Aver 


- @ 


“yj Ze 10 


“ae 
A 


~% 





ceo oo 09080 COSo 


i=} 


Jan. Feb. Mar. apr. May June July Aug. Sept. Oct. Nov. Dec 


Fig. 16. Intensity of precipitation. 


April is also 91 per cent snow. While a trace of snow 
may even fall in the summer months, the real transition 
months are June with 6 per cent of snow and October 
with 38 per cent. The snowfall of September is apt to 
be light, wholly disappearing before the cold-season 
snowfall sets in. The average depth of snow per season 
is 113.3 inches, with an equivalent water content of 9.94 
inches. The range in depth from year to year is from 
149.7 inches in 1916-17 to 80.7 inches in the following 
year. March, on the average of 9 years, is the month 
of maximum snowfall, 18.5 inches, with January, 17.9 
inches, a close second; when, however, the months are 
corrected for unequal length, February ranks second 
with 17.98 inches and January third with 17.54 inches. 
Snowfall measurements.—The depth of snowfall and 
water equivalent, determined by weighing, is observed 
daily about 9 a. m., at stations C, A-1, A-2, B-1, and 
B-2. It is determined at six-day intervals at the D 
station, and the amount for each day is apportioned 
from the measurements made on the two watersheds. 
Finally, beginning on March 1, to anticipate the melting 
season by a few weeks, the depth and density of the 
snow over the two watersheds is observed at the snow 
scales or snow stakes which were installed at various 
places on both watersheds. There are 18 snow scales 
on A and 14 on B. Table 18 is a statement of the 
details of the location of each scale to which has been 
added, for convenience in the discussion, the average 
date of disappearance of snow at each scale. The 
arrangement of the table is by slope rather than con- 
secutively by the serial number of the snow scale. 











24 SUPPLEMENT NO. 17. 


TABLE 18. 


Watershed B. Average date of disap- 
pearance of snow and details of snow 
scales. 


Watershed A. Average date of disap- 
pearance of snow and details of snow 
scales. 


No bie Angle | Average No. 46 Angle | Average 

of on ey of date of of me ote of | date of 

scale. ein slope. | melting. | scale. ”/ slope. | melting. 

© ° , ° ° ; 

£85 | 1 42 00 May 15 be 4 4. eee 15 30, May 16 

Bee) Seer 25 20) May 10 10: Ni 18. W.. 06s... 26 50 | May 26 

BY) Bae Be da dv vets 34 10) May 16 5 N.6W. 26 40 May il 
het & >) ee 13 53) | May 17 

Be & > Reese 21 30! May 1! te >) eee 21 50| May 9 

Tah & > ee 15 50| May 22 De A RE wa inceins 16 20 | May 20 

15 | N. 52E.........; 2 00) May 14 ak A Bee 11 50) May 23 

11 | N.72E.........| 16 S| May 13 ORF OE 2 00, May 19 

ll N.66E..... ----| 22 10| May 12 

8 | N.82E...... 9 30 May 11 13 | N.-2OB...ccce 9 10! May 12 
6 N.82E.........|33 8 | Apr. 26 

ee * eee ll 20| May 7 Oi BO Bisincesvss 10 50 | May 16 

ae 325 eee | 32 40) Apr. 23 

‘Se 5? =e 10 50) May 13 ELLE Mbarees ccs 25 30) Mar. 20 

6 | 8. 40F..........| 25 50 | Mar. 26 ey 3} PeeeeeeEe 21 40) Apr. 6 

se 8 > ee 24 50 | Mar. 7 oe Sf 26 50 | Mar, 10 
8. 32 E.........., 238 40 | Mar. 16 

Jt 4 ) 2oere 34 20; Apr. 1 RR RRR ey ee. Apr. 24 

ST ROS. eats eid ase oe | May 2 Dt Wee Wes. ccteeks 24 40 | May 23 
Di N.SE........ 24 40 | May 23 


In selecting the points for snow measurement reference 
was had in some measure to the main types of forest cover 
found on the area and endeavor was made so to place 
the scales as to obtain the best possible representation of 
the distribution of snow. In general, snow-scale areas 
represented by scales Nos. 8 to 17 and D, both inclusive, 
on watershed A, are wholly above the 10,000-foot contour 


line. Areas Nos. 3, 6, and 12 are, in part, above that 
contour. On the B watershed, areas Nos. 4, 9, 10, 11, 


12, 13, 14, and 15 are wholly above the 10,000-foot con- 
tour and areas Nos. 8 and 16 are in part above that 
contour. The location of snow scales or stakes may be 
seen by reference to figure 17. 

The disappearance of snow.—The four typical south- 
slope snow scale areas on A, Nos. 2, 5, 12, and 18, have 
an average direction of slope south 44° east and the 
average angle of slope with the horizontal is 27° 10’. 
The four typical south-slope areas on B Nos. 2, 6, 8, and 
12, have an average direction of slope of south 60° east 
and an average angle of slope of 26° 40’, this being almost 
identical with the south slopes on A, except that B has a 
little more easterly aspect than A. The average date 
of disappearance of snow at the four typical south-slope 
areas on both watersheds is for A March 20 and for B 
March 30. For the four typical north-slope areas, with 
nearly the same direction and angle of slope, the average 
dates are as follows: A May 19, B May 16. Whence it 
appears that the snow disappears, on the average, about 
10 days earlier on the south slopes of A than on the 
corresponding slopes of B and about 3 days later on the 
north slopes than on the corresponding slopes of B. 

The areas used in computing the above averages were 
north slopes A Nos. 1, 4, 14, and 15, north slopes B Nos. 
1, 4, 14, and 16. 

Snow disappears earliest from area No. 18 on A and 
No. 6 on B. Both are steep southeast slopes, No. 18 
being practically all above 10,000 feet elevation, while 


No. 6 is about 300 feet lower. Snow disappears last, of 
course, from the higher east-northeast slopes of both 
watersheds. The average interval between the time of 
disappearance on the respective slopes of A is 77 days, 
on B about the same, although in individual years snow- 
scale areas Nos. B 10, 15, and 16 retain some snow after 
the cover has entirely disappeared from A. The melting 
season is, therefore, on the average, about 75 days in 
length. 

On the lower part of the area the mean temperature for 
March is 24.2°, but for the hours 1, 2, 3, 4, and 5 p. m., 
the mean is 32° or over. At the D station, however, 
representing the higher portions of the area, the mean 
maximum for March is but 31.7° and it is not until April 
that the mean temperature of the afternoon hours in the 
upper portion of the watershed passes above freezing, 
hence the difference in elevation between the upper and 
lower portions of the area corresponds to about a month’s 
lag in temperature. 

RELATIVE HUMIDITY. 

The relative humidity may be defined as the ratio of 
the amount of vapor actually present to that which might 
be present if the air was saturated at the existing temper- 
ature. It is commonly expressed as a percentage. Hu- 
midity may also be expressed in the expansive force the 
vapor exerts, or in its weight in grains per cubic foot of 
air. In this case the amount of vapor actually present 
at any time is called the absolute humidity. 

The relative humidity is determined daily from obser- 
vations of the sling psychrometer about 9 a. m. at the 
two north-slope stations, and these stations are equipped 
with hygrographs of the Richards type. The numerical 
values from the hygrographs in terms of vapor pressure 
were tabulated for about a year, but on account of the 
very considerable labor involved in the tabulation and 
the problematical value of the results, the tabulation of 
the hourly values was discontinued early in the experi- 
ment. The fragmentary hourly values show that the 
pressure of water vapor in winter is at a maximum during 
the warmer hours of the day. As the warm season 
approaches, however, the maximum occurs in the fore- 
noon hours, 9 or 10 o’clock, and continues to occur about 
these hours, until November, when it reverts to the 
afternoon hours. 

The relative humidity is greatest in the cold part of 
the year and least in the warm part, the mean values 
(monthly means considered), are for B 78 per cent in De- 
cember and 47 per cent in May; for A 71.5 per cent in 
August and 43.8 per cent in May. 

The two watersheds compared.—Table 19 contains the 
monthly means of relative humidity derived from a 
single observation made daily at 9 a. m. at the north 
slope stations of the two watersheds. The monthly 
mean vapor pressure for the same hour has been added. 
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TasiLe 19.— Monthly mean relative humidity and vapor pressure. both watersheds, the diminution from April to May 

Humidity in percentages. Vapor pressure in thousandths of an inch of mercury.) amounting on the average to from 12 to 14 per cent. 

— et From the minimum of May to the beginning of the rainy 

January. February.) March, | April. | May. June. = season in July there is a decided increase which comes 

ys ae -| 673. 670 | 63 558 438 485 most wholly in the period June to July. This increase 

RH. Bele-seer-ses+--] 77-0 76 | (67.6) | Old 474 6 47-6 = amounts to nearly 20 per cent on the average, although 
P. Bele seeeeeeseeees 0560-058) 078 | «1S - 136 -1% in a single year, 1916, it amounted to 39.5 per cent. 

i “hase To P The vapor pressures are computed, of course, having 

July. | August, “°c October. Nom Pico | Annual. regard for the existing temperatures, and are therefore 

—— a ; aaa fi a better index of the moisture content of the atmosphere 

E i Bob 06.8 76 | 70:4 08.8 718 78.0 | te than the relative humidity. The figures in the lower half 

VP Be lees "375. | - 1205 “100 err ‘053; ‘139 Of Table 20 show that the moisture content of the air at 





Dt —_—— _ the B-1 station is slightly greater than for the correspond- 
It is clear from the above figures that the relative ing slope of A throughout the year. This constant differ- 
humidity of watershed B is considerably greater in the ence in the means is rather puzzling. The wind move- 
months October to May and slightly less in the months ment at the B~1 station is very weak, as will be shown 
June to August than that of A for the corresponding elsewhere, less than 1 mile per hour. To determine 
months. The changes in relative humidity from one whether the difference in the means is due to large and 
month to the next are worthy of notice. In general, the infrequent differences in the monthly means or to small 
relative humidity diminishes to a minimum in May on and constant differences, Table 20 has been formed. 
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TABLE 20. 


Differences in vapor pressure (A minus B). 





Year. a ne cae January. ao March. April. 
RAE os cea ccs ees Gee eee +0.002 +0, 001 —0. 004 0. 009 
1911-12. SEF aki 0. 0"7 ~0. 002 000; — .002 + .005 — .007 
1912-13 pis Beditiee : ne — ,002 ~ 005 ~ ,004 . 009 ~ O18 
1913-14. Spe rae 000 | — .002| — .011| — .007| — .012 — . 020 
_. 2 Se aaaere fea O12 ~ ,005 . 007 . 009 . 008 . OLS 
1915-16. . dake . 007 - ,006 . 009 ~ , 005 O14 - .020 
| Re TP . 009 . 008 . 005 - ,007 ~ . 008 - 009 
1917-18 CERES Si . 006 - ,o12 002) + .001 — ,005 — .025 
1918-19. . ae . 004 Se BAN ie Sees Pe Se 
PR een 007 . 004 . 005 004 — , 007 . 016 
Year. May. June. July. August. ——s October. 
’ er. 

ag 0, O17 —0. 005 +0. 003 +0, 001 0. 009 —0. O17 
TR SS Sree . O18 — ,OW -.012 — .018, — .O18 — .017 
[oo Fee ate . O21 — 033 - 029 - 080 — .016 — .o012 
ROE OO ss 05 cictndocddach og - ,024 — 020 — O16 ~ ,O13 — ,O1b 
| ERE oe ee .014 — .013 - ,O18 . 024 . 017 .014 
SS a aer ee ' - ,O16 + . O28 - ,O18 — .O19 ~ ,O12 O15 
STEEL nk, colts das 01s 4 enews O17 + O11 + .009 . 004 - ,on2 + .008 
M553 isk > cede ws — ,085 034 — .O12 - , 008 . 006 — .005 
RE SE - ,020 . OL 014 — .Ou4 .013 ~ ,O12 


In general, the differences A minus B are uniformly 
negative and small, although there are some rather large 
differences and sometimes a reversal of sign. The posi- 
tive differences, however, form but 10 per cent of the 
total cases considered. The most pronounced case of 
reversal was that of June, 1916, when the atmosphere at 
A was more moist than at B. June, 1917, was also a 
month of greater moisture at A than at B. In seeking 
an explanation of this apparent anomaly, attention is 
directed to the fact that both of these months were dry, 
June, 1916, having a precipitation of but 0.10 inch. 
However, May, 1918, a month of wide departure in the 
opposite sense from that of June, 1916, was also a very 
dry month, hence the excess of moisture content of the 
air on B over that of A can not be referred to any general 
dryness of the atmosphere which envelops the Wagon 
Wheel Gap area. On the other hand, the months with 
a considerable excess in moisture at B were almost uni- 
formly months of frequent rains; June, 1913 and 1918, 
both show a considerable excess and both were showery 
months, at least a trace of precipitation occurring on 
more than half of the days of the respective months. 

Elsewhere it has been shown that there is slightly more 
precipitation on B than on A in individual months and 
years, and that as the duration of the record increases 
these differences tend to diminish. It would seem that 
the differences shown in Table 21 are of more enduring 
kind. In any event, it will be interesting to note the 
change, if any, that may arise after denudation. 

WIND. 

The average direction of the wind as determined by the 
automatic register at the C station is from the northwest 
and north, November to March, and from west to south, 
May to September. In the cold season the direction is 
quite variable, winds being experienced from every 
direction except east and southeast. The hourly 
directions for a single year were transcribed. These 
show that in the cold season the winds of the night 
hours are quite uniformly from the northwest toward the 
bottom of the river valley, backing during the warmer 


hours of the day (10 a. m. to 4 p. m.) to the north anc 
shifting back to the northwest at 5 p. m. 

In the warmer months the winds from midnight to 6 
a. m. are from the west, backing to the north and north- 
east, that is, down the valley from 8 a. m. to noon. 
From 1 to 6 p. m. they are south or up the valley, shifting 
to the southwest at 7 p. m. and to the northwest at 10 
p.m. This is graphically indicated in figure 18. In the 
warm months a true mountain-valley wind prevails. 

The velocity of the wind is uniformly light. At the D 
station, with a comparatively free exposure, the average 
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Fic. 18. Average hourly wind direction. 


hourly velocity for the year is but 6.2 miles per hour. 

At the C station, with a free exposure to all except 
north and west winds, the annual average velocity is but 
2.6 miles. The two north-slope stations, A-1 and B-1, 
are both in timbered areas. The anemometer in the 
first is exposed in a small open spot, a former rock-slide 
in the Douglas fir timber. The B-1 anemometer is 
exposed in a small cleared space in the aspen and young 
fir, well protected from the wind. The average hourly 
wind velocity at A—1 is 2.2 miles; at B-1, 1 mile. 

The maximum wind velocity for five minutes at the C 
station during a 29-month period was 32 miles per hour 
from the south in May, 1913. This velocity was also 
reached in October, 1912. 

SUNSHINE. 

The sunshine is automatically recorded at the C 
station. The monthly and annual mean values expressed 
as a percentage of the possible sunshine are given in 
Table 21. Sunshine is greatest in October and November 
and least in July and August, although June in the two 
years 1916 and 1917 had a high percentage. The 
character of the season is somewhat dependent upon 
the amount of sunshine in June and the amount of pre- 
cipitation which occurs in that month. An early flood, 
as in 1913, with full sunshine in June, depletes the storage 
water in the watersheds and makes for low run-off in late 
summer and autumn unless the summer rains are gener- 
ous. Quite naturally the months of least sunshine are 
July and August, the months of summer rains. 

TABLE 21.— Sunshine, per cent of possible. 


Al 


Feb. Mar. Apr. |May. June. July. |Aug. Sept. Oct. Nov./ Dee |). 


Year. Jan. 








55 | 57) 56| 61) 52 39 49 | 40 42; 53 45/| 52 

5 66, 70 42) 44 52 29 | 42 55 | 53 70| 55 

61 60| 65 44! 53 67 Me! 53 51 68 59] 5 

48 | 67/| 65) 55| 67 74 43 | 42 63 60 71] 57 

66 58 61 51 55 74 53 48 1) 76 60 66 

52| 58| 54| 5O| 66 57 45 | 49 52) 56 58] 50 

70; 60 59 5s 52 Fg Pe OR FET Bete TS Pe 
Means....| 57; 58; 58 51, 56 57 43 | 47 52, 60 62) 56 


1 Based on a sea-level horizon. 





CHAPTER III. 
PRECIPITATION AND STREAMFLOW. 


The purpose of this chapter is to present the streamflow 
data obtained up to June 30, 1919, as the basis for a more 
or less empiric comparison of the behavior of stream B 
before and after the removal of the forest cover. It is not 
expected, however, merely to compare the eight-year 
period before denudation with a similar period following, 
either by use of means or the direct comparison of similar 
years in the two periods. Such a method would have very 
serious objections, especially if the two periods fell in 
different phases of one or more consetutive climatic 
cycles. Moreover, experience has shown that two years, 
or two melting periods, producing stream régimes which 
are in any degree similar must occur only at rare inter- 
vals. These facts make it necessary to go into an analysis 
of the streamflow, and the causes thereof, almost day by 
day. But, fortunately (and this is the respect in which 
the present experiment has an advantage over all others 
so far), it is not necessary to depend entirely, or even very 
largely, on the correct analysis of the factors causing 
Stream B to exhibit a given behavior. In both phases of 
the experiment the undisturbed behavior of stream A can 
be referred to, this behavior representing the best possible 
integration of all the factors which affect streamflow. 
The difficulty, and the real reason for so much analysis of 
causes has been undertaken, arises from the fact that both 
the time and degree of response of the two streams to any 
factor influencing the régime are somewhat dissimilar. 

First, then, the various factors affecting streamflow will 
be discussed in a more or less abstract way but with par- 
ticular reference to the special conditions. Following 
this, the statistical data available up to June 30, 1919, 
will be summed, in the light of that which has preceded, 
and certain “Rules” will be formulated which are to 
serve as the basis of calculations in the future, These 
calculation, in order to have statistical value, must: 

1. Permit the drawing of a suppositional discharge 
curve for stream B, after denudation, which will show, 
with a very small probable error, how that stream might 
be expected to flow had the forest cover on B watershed 
not been disturbed. 

2. Permit the comparison of the above curve with the 
actual discharge curve for any period, in such manner 
that the influence of the forest may be directly expressed 
n terms of higher or lower streamflow. 

To meet practical requirements, it should be possible 
io calculate the suppositional discharge of B, and com- 
pare it with the actual, by reference to the behavior of 
stream A, and other guides, for: 

|. The vear as a whole. 


2. The spring melting or flood period, when there is 
an abundance of water in all streams, and when, therefore, 
there is less concern with current discharges than with 
possible conservation for later discharge. 

3. The summer period, when the water has the highest 
intrinsic value for irrigation, when time of delivery is a 
most important element, and when, therefore, the 
streamflow must be considered by very short periods. 

4. The freezing period, or period from October 1 to 
the beginning of the next spring flood, when conserva- 
tion is the main thing to be studied. 


THE STREAMFLOW YEAR. 


It is clearly obvious that the beginning of the precip- 
itation and run-off years can not be arbitrarily chosen, 
but that they should conform as nearly as possible to 
the natural cycle of precipitation and runoff within the 
calendar year. It also seems obvious that effort should 
be made so to choose the period that whatever precip- 
itation occurs in it will be measured as stream 
charge, as largely as possible, during the same period. 
There will always be, whatever the period selected, a 
certain volume of ground water in the watersheds at 
the beginning and end of the period; it was therefore 
the object of the study to select a time when the volume 
of ground water in the two watersheds was approxi- 
mately the same. Therefore October | 
the beginning of the precipitation and run-off year 
instead of January 1, as in the usual climatological 
studies. Following are some of the considerations which 
led to the selection of this date. September 30 is for 
the majority of years the end of the season of greatest 
draft upon ground storage due to evaporation and 
transpiration. The streams are discharging at that 
time practically the same amounts. Table 22 gives the 
daily discharge on October 1 of each year in ten- 
thousandths of an inch over watershed. 


dis- 


was chosen as 


TaBLe 22.—Daily discharges, Oct. 1, 


} A B A | B 


1911..... 0.0147 0.0124 1916....| 0.0103 0.0101 
1912.... - 0109 -O117 1917.... -0107 | .0103 
1913. ... - 0105 . 0106 1918 - 0076 0079 
1914. ... - 0099 . 0006 —} 

1915. ... . 0090 - 0090 Mean... 0104 | =. 0102 


Eliminating the large discharge of 1911, we have 0.0088 and 0.0099, for means 


Further argument, if necessary, against the use of 
November | as a starting point, as has been the practice 
in the routine calculations, is found in the fact that all 
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precipitation in the form of snow which does not melt 
before October 31 will appear as run-off in the year 
subsequent to that to which it is accredited as precip- 
itation. The amount of snow on ground at north-slope 
A-1 station on October 31 for each year, 1911 to 1918, 
both inclusive, is shown in Table 23. 


TABLE 23. 


Snow on 
ground. 


| 
| Snow on 


Date ((ct. 31). ground Date (Oct. 31). Snow on 


Date (Cet. 31). ground. 


| Inches. 


Inches. Inches. 
SORE ctccncs --| 8.9 ih de anioa woe 2.4 ao, 7. 
Seatbcesterrs -| 7.0 Piivchidesesss 0.0 Peipatnseses T 
| Seen ‘| . 2 1916.. 3.6 


This table shows that in four out of the eight years 
there was an appreciable amount of snow on the ground 
at the end of October, the run-off from which would 
appear in the discharge year beginning November 1, 
although the precipitation would be accredited to the 
previous year. 

Finally, owing to the fact that the discharge record 
previous to July, 1911, is more or less uncertain on 
account of leaks in the dams and the form of weir then 
in use, it has been thought best to start the discharge 
record with August, 1911. The greatest rain flood ex- 
perienced thus far in the experiment occurred in the 
early part of October, 1911. If the discharge year be 
started on November 1, this great rain flood would be 
eliminated from the record, obviously an undesirable 
proceeding. 

ANALYSIS OF STREAMFLOW. 


The general behavior of the streams.—The most casual 
observation of any of the streamflow records obtained 
during periods of rain or melting snow shows the follow- 
ing points: (1) that stream A rises more rapidly than 
stream B: (2) that the maximum flow of A is reached 
sooner than that of B, and, therefore, during the early 
decline of A, stream B may be considerably higher; and 
(3) that before the flood has fully spent itself A may 
again attain the higher level, with a secondary and more 
steady volume of water. 

These differences are all explainable by topography. 

(1) Stream A receives a larger contribution of the 
first water falling directly into the stream in the case of 
rain, or melting along the stream banks in the case of 
snow, because it has a greater length of stream channel. 
With either rain or melting snow this advantage may be 
continued for many days, because the slopes through 
which the water must drain to reach the stream are both 
shorter and steeper than those on B. In other words, 
while B has 200 acres within an average distance of 950 
feet of the stream, watershed A has an equal area within 
670 feet. Since the flow down these slopes is relatively 
much slower than the flow in an open channel, it is 
evident that this width of slope has much more influence 
on the early flow than the length of the stream. 


(2) After stream A has delivered its maximum flow, 
the longer slopes on B get into action, and not only are 
they later in delivering, but they may produce a higher 
flood because the extreme head of the watershed, being 
relatively near the dam, and hardly more distant from 
an open channel than the side slopes, delivers almost 
simultaneously with tem. Thus B watershed, having 
more the shape of a bowl, within a few days of the flood 
crest may deliver a larger proportion of its total flood 
waters than A. Whether or not the crest flow on B is 
as great as on A will depend upon a number of factors, 
whether, for example, hourly, daily, or decade crests are 
referred to. A very rapid rise has the effect of amassing 
a large amount of water in stream A before B is well 
started, and of creating a higher short-period crest on A. 
On the other hand, the same rise will permit B to deliver 
a very large amount in the succeeding 10-day period and 
may cause a higher decade crest on B. Very different 
effects may, of course, be produced if the rapid melting 
of snow occurs after a period of slow melting which has 
disposed of much of the snow near stream A, since that 
near stream B does not melt so early. 

(3) The higher flow of A late in the flood period 
(which may not be actually much higher when area is 
considered) is plainly due to the greater length of the 
watershed, or, in other words, to the slower draining out 
of the flatter ground more distant from the dam. This 
upper area, except during the heaviest melting period or 
in excessive rain, has no surface drainage, and hence its 
water is long in reaching the stream. The upper section 
of watershed A may practically be thought of as a sepa- 
rate area, such as does not exist with respect to Stream 
B. It has a stabilizing effect on stream A. 

On the other hand, although this is a separate consider- 
ation, this high area on watershed A probably contributes 
little or nothing to the stream in the winter period, 
when B is actually higher, and considerably higher per 
unit of area, than A. This high, relatively flat ground 
has the appearance of becoming very dry in the fall; 
when once covered with a blanket of snow, since it has 
no southerly exposures, there is practically no melting 
for months, and, therefore, although the ground is not 
frozen to any great depth, there is no water contributed 
from it. 

The streams involved in this experiment are perennial, 
and after observing that there is melting of snow on 
south slopes throughout the winter, it is not difficult to 
calculate that the flow for any ten days, or in fact for 
any day or hour, is made up (1) of any current precipita- 
tion or melting which may reach the streams directly, 
and (2) of a slower movement of water from the soil. 
This movement from the soil will vary with each addition 
to the soil moisture. Its total contribution to the 
stream for any period will depend not only upon the 
average amount of moisture in the soil, but upon the 
distance of that moisture from the stream. Thus the 
relative amount of moisture at any two points not 
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imilarly situated with respect to the stream not only 
will vary with additions of precipitation, but will depend 
upon the time since the last addition of moisture. 

Each of these variable factors is different for the two 
watersheds. Any attempt to figure the source of the 
water, even when we know its volume in the streams, 
therefore, becomes simply appalling when one considers 
all of the factors involved; and when it is remembered 
that the most important of these factors, the accurate 
measurement of the rainfall or the water contributed 
from melting snow, is difficult of accomplishment the 
preparation of a formula which will express streamflow 
looms up as an impossibility. 

For example, it must be conceded that the flow of 
cither stream at any time is dependent upon the amount 
of water stored in the watersheds, or the “residual 
water,” and upon the direct rainfall into the streams or 
water reaching the streams almost directly from sur- 
face flow or nearby seepage. Any water which does not 
reach the streams directly may be considered to augment 
the residual water. 

Let A be the flow of A for any decade, and B the flow 
of B for any decade. Then, 


A=P+izR 


in which P represents a certain percentage of current 
precipitation, dependent on the amount of precipitation 
in the decade and its time position in the decade; R 
represents the residual water on the watershed, and z a 
percentage of that water which is more of less propor- 
tionate to the value of R, since R represents hydrostatic 
pressure. 

Similarly : 

B =P, + yRb. 

The use of R implies that the residual water on all 
parts of the watershed is uniform, or at least that all 
parts of the watershed are contributing to streamflow in 
proportion to their residual water. This assumption, 
as we have seen from the preceding general survey is 
probably incorrect, or at least far from precise. 

The value of R may be roughly determined at any 
time when the flow is not influenced by rainfall by com- 
puting the effect of one or more day’s flow upon the dis- 
charge. In other words, if a day’s discharge of 100,000 
cubic feet reduces the rate of flow by 5 per cent, we may 
assume that the amount of water to be discharged i; 
approximately 20 x 100,000 cubic feet or 2,000,000 cubic 
feet, which figure may be reduced to terms of depth over 
watershed. 

An attempt to calculate the residual water for water- 
shed A, for a specific time, will show the factors involved 
and the impossibility of carrying any such calculation 
through a period of protracted melting. It also indi- 
cates the impossibility of a similar computation for 
watershed B when standard conditions of flow have been 
departed from. 


At midnight August 3, 1911, the flow of A was 0.123 
C. F. S. and at midnight August 7, 0.104 C. F. S., no pre- 
cipitation having occurred This decrease of 0.019 
C. F. S., or 15.45 per cent of the original discharge rate, 
is represented by a total discharge of 39,236.4 cubic feet 
of water, which, within these limits, might be construed 
to represent 15.45 per cent of the residual water on 
August 3. On this basis the residual water would have 
been 254,100 cubic feet. 

It is obvious, however, that the decrease in rate of 
flow was brought about not alone by water discharged 
but also by water evaporated from the watershed. Tak- 
ing years as a whole, the discharge could not be more 
than 30 per cent of the whole loss, and for early August 
was probably much less than this. To obtain an idea of 
the probable evaporation in August, the record may be 
consulted for the following period. From August 8 to 28, 
1911, inclusive, there were frequent and effective rains, 
amounting in all to 2.99 inches over the watershed. At 
the termination of August 28 the rate of discharge of 
stream A was still 0.103 C. F.S., and there had been dis- 
charged in this period 210,027 cubic feet, or the equivalent 
of 0.2604 inch O. W. (on watersheds). In other words, 
8.7 per cent of the precipitation had appeared as discharge, 
the residual water was presumably of the same amount as 
at the outset, and therefore it may be assumed that 91.3 
per cent of the precipitation had been lost as transpiration 
and evaporation. 

It is true evaporation occurs most freely while the pre- 
cipitation is occurring and the surface of the ground, 
foliage, etc., is moist; but it is also true that in such 
cloudy weather the capacity of the air for moisture is 
much less than in clear weather. It may therefore be 
concluded that in clear August weather the stream dis- 
charge represents no more than 10 per cent of the water 
lost from the watershed. 

Therefore the flow of stream A from August 4 to Au- 
gust 7, inclusive, probably represents only 1.54 per cent 
of the residual water on August 3 (midnight), and the 
amount of the latter may be calculated to have been 
2,550,000 cubic feet, or 3.16 inches over the watershed. 
It becomes perfectly apparent from the above that while 
in August a flow of 0.123 C. F. S. might indicate approxi- 
mately 3.16 inches O. W., at another time when evapo- 
ration was at a minimum such a flow might indicate only 
one-fifth as much residual water. The rate of discharge 
can not, then, be used directly as an index to the mois- 
ture conditions of the watersheds just preceding the flood 
rises. It is also plain that, since watersheds A and B have 
different drainage rates, their residual waters can never 
be assumed to correspond, and that no computation of 
residual water for watershed B under forest conditions 
would apply after denudation. 

It thus becomes apparent that an analysis of the 
stream-flow data must be, instead of an examination and 
formulation of causes, a recitation of experiences so far 
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obtained. In other words, it is reduced to an empiric 
basis. It can only be said that for specific times and 
seasons such and such relations between A and B dis- 
charges have existed in the past and therefore that for 
any other year, if the controlling conditions were not 
changed, similar relations, within the limits of probability, 
would exist. It is an obvious mathematical fact that 
average relationships would be more firmly established 
for definite times and seasons by further observations be- 
fore denuding. In other words, the probable errors in 
the averages set forth would be decreased. The first 
phase of the study is not, however, concerned so much 
with averages as with individual years and with the prob- 
able or average variation of single years from the so- 
called normal, and it is doubtful if these average varia- 
tions would be materially affected by adding new records. 

Balance between precipitation and run-off.—Any con- 
sideration of the important relation between precipita- 
. tion and run-off should be preceded by a clear statement 
of what is conceived to be the facts concerning the dis- 
position of the precipitation which occurs either in the 
form of rain or snow. At Wagon Wheel Gap, as may be 
seen from the discussion of the climate, the division be- 
tween rain and snow, on the average, is practically an 
even one, viz, 50:50, although in individual! years the 
rainfall may exceed the snowfall by as much as 10 per 
cent, or vice versa. The run-off from rainfall is different 
from that of snow in the fact that there is practically no 
immediate run-off from the latter as in the case of the 
former, and the amount of water which percolates into 
the soil is very much greater from snowfall than rainfall. 

In the analysis of the stream discharge it is necessary 
of course to consider how precipitation, which occurs in 
the form of rain, is or may be disposed of. 

It may be assumed that the water is divided in differ- 
ent portions, about as follows: 

R,. Portion intercepted by trees, bushes, and other vege- 
tation and objects of surface cover.—This can properly 
include only such amounts as are permanently intercepted 
and never reach the soil or stream, but are either pres- 
ently evaporated in place on the vegetation or possibly 
absorbed by it. The amount of this can not be much, 
except in case of numerous light showers, since it seems 
necessary to recognize that although foliage and vegeta- 
tion may temporarily intercept a considerable amount of 
rain for a time, nevertheless after becoming thoroughly 
wet it may subsequently shed a considerable part of thax 
temporarily intercepted. In some cases wind will set up 
motions in the boughs and foliage which will also cause 
subsequent release of water temporarily intercepted. A 
critical study of this phenomenon of interception is 
needed before definite conclusions and especially quan- 
titative results can be formulated. 

R,. Surface water and flow.—-This portion of the rain- 
fall is more particularly in evidence during and for a 
short time after rainfall which is sufficient to induce this 
apportionment. During and after substantial rainfall 


innumerable rivulets of flowing surface water abound 
everywhere in a watershed, all tending toward some por- 
tion of the stream. In heavy rains much water actually 
reaches the stream derived wholly from this source, 
including of course water falling immediately into the 
stream itself. Surface flow at a distance from the stream 
may never reach the stream as strictly surface flow, but 
in its onward course will penetrate the soil and will 
then be more appropriately put into another category to 
be considered next. 

The portion 2, surface water and flow must, therefore, 
be limited to only that portion which actually reaches 
the stream by strictly surface flow and which in sub- 
stantial and heavy rains produces typical flood conditions 
of flow and stages, even though of diminutive amounts. 
Floods due to surface flow generally rise suddenly and 
quickly subside without much tendency to prolonged or 
sustained flow. A few days of rainless weather, even 
without wind and sunshine, suffice to exhaust the water 
represented by #, and eliminate phenomena of surface 
flow from the streamflow. 

R,. The portion of the rainfall which serves to replenish 
what is generally known as ‘‘underground waters’ from 
which is derived the perennial supply of springs and 
streams.—Since we find the streams flow perennially, to 
all intents and purposes, we must conclude that there is 
a relatively abundant reserve supply of water in the 
watershed even after protracted dry spells. So that 
R, must be regarded as becoming incorporated with the 
soil cover and augmenting the general reserve or per- 
manent but variable water-content of the watershed. 
The daily and perennial flow of the stream draws con- 
stantly upon this water-content for its daily discharge, 
which steadily depletes the supply. Direct evaporation 
from the soil, and especially water losses by transpiration 
also draw upon the reserve water-content. 

Rainfall, therefore, constantly replenishes the water- 
content of the watershed and is disposed of in three por- 
tions: R,, intercepted by foliage and never influencing 
stream flow; R,, surface flow, causing more or less sudden 
and transitory flood features of streamflow; and finally 
R,, ground water, constituting and augmenting the water 
content oi the watershed, upon which content the main 
features ot the stream flow depend. This water-content 
is also drawn upon for phenomena of transpiration and 
evaporation. 

The hourly, daily, or seasonal features of stream dis- 
charge are, of course, intimately related to the precipi- 
tation on the one hand and on the other on the way in 
which the water is apportioned in the R, and R, cata- 
gories, including the total water-content of the water- 
shed at any time and the extent to which evaporation 
and transpiration are draining off or drinking up the 
reserve water before it can reach the stream. 

Still confining attention to rainfall and summer condi- 
tions only, certain inferences follow more or less ob- 
viously from the considerations mentioned in the fore- 


going. 
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(1) Light gentle rains may be wholly expended in 
satisfying the demands of the R, apportionment, espe- 
cially over all that part of the acreage of the watersheds 
which is thickly forested. Some contributions to the 
portions R, and R,, especially.the latter, may result from 
light rains over unforested acreage, but the influence is 
scarcely observable in the stream discharge. It is very 
important to recognize and bear in mind that only 0.10 
inch of rain added to the soil once in each ten days, if 
wholly applied to streamflow, is entirely adequate to 
maintain the discharge at about 36 cubic feet per acre 
per day. This is above the average low-water discharge, 
so that the seemingly insignificant amount of rainfall 
that sufficies to maintain the stream in customary flow 
must be clearly recognized. 

(2) The water comprised in surface flow is of impor- 
tance only in heavy or infrequent substantial rains. Its 
effects are always apparent in streamflow diagrams dur- 
ing the rainy season of the summer. As previously 
stated, a few days of rainless weather more or less com- 
pletely exhausts the R, portion, but when rainy days fol- 
low each other at short intervals the features in the dis- 
charge diagrams due to surface flow can hardly be segre- 
gated from effects which properly belong to the R, 
portion. 

A careful analysis of the so-called excess discharge 
resulting from summer rains, on the watersheds of this 
study, shows that in ordinary cases the increased dis- 
charge from water which reaches the streams almost 
directly through surface flow is of short duration and 
small amount. Observations over the watersheds show 
that there has been in the past practically no such phe- 
nomena as surface run-off from the main slopes of the 
watersheds. Quantitative analysis of this~ excess dis- 
charge in both streams indicates that it is only the water 
falling in the streams, and on the moist ground within a 
few feet of them, which temporarily augments their flow. 

Directly related to this, and bearing on the next sub- 
ject, ground water, is the fact that even considerable 
amounts of rain late in the summer do not have more 
than a temporary influence on streamflow. In short, 
the steady flow declines during the summer, even when 
monthly precipitation is greater than streamflow. If 
the water does not run off on the surface, and does not 
soak in, to augment the ground water, what does become 
of it? It seems fairly evident that in this particular case, 
though most of the rain water soaks into the soil, it 
should be considered as intercepted water, R,. Both the 
immediate surface of the soil, consisting of litter and 
humus, and a shallow zone of the mineral soil which is 
very fully occupied by tree roots, become, through sur- 
face evaporation and transpiration in the very dry atmos- 
phere of this region, extremely arid. This is especially 
the case where aspen occupies the ground very fully, 
this species being a more extravagant user of water than 
conifers, and not inclined to root deeply. As a result, 
this surface layer, except with very unusual rains, never 


becomes thoroughly wetted after drying out in the 
spring, and such water as it holds from time to time 
establishes no capillary connection with the true ground 
water. 

(3) The main phenomena of flow, especially when not 
complicated and dominated by the mere or less immediate 
consequences of recent substantial rains, are related 
chiefly to the more or less permanent but variable water 
content of the watershed, supplemented, or rather aug- 
mented, as that content is from time to time, by rainfall 
contributions, and depleted hourly and daily by the two 
processes of stream discharge in the one case and evapora- 
tion and transpiration in the other. 

The fundamental problem is to give full account of the 
disposal of the entire 100 per cent of rainfall so as to 
apportion the totals among the several ways in which it 
is disposed of. 

In the case of snowfall, representing, as before stated, 
about 50 per cent of the total precipitation, different 
conditions obtain. Snow begins to fall in appreciable 
amounts about the middle of October, although the 
occurrence of very considerable amounts of snow in Sep- 
tember is not infrequent, especially in the higher alti- 
tudes. All of the September snow and the greater part 
of the early October snow disappears by melting and 
vaporation, and while a relatively small amount reaches 
the streams, the greater portion must serve to replenish 
evaporation losses and to augment ground water. The 
disposition of the snow water is greatly complicated by 
both altitude and slope. It should be remembered that 
there is a difference of about 1,900 feet between the 
extreme upper and lower portions of the watersheds. 
Snow comes earlier and lasts longer in the higher altitudes 
and disappears quickly’on the lower south slopes. The 
north slopes are permanently covered with snow on the 
average by October 31, the south slopes not until 41 days 
later, or on December 11. Snow which falls on the south 
slopes before the date on which the snow becomes per- 
manent for the winter, and also snow which falls after the 
snow disappears at the close of the melting season in 
spring, quickly disappear and must be considered as 
serving in the main to augment ground water. 

The interception of snow by trees and vegetation is 
small as compared with rain, because, in the main, the 
coniferous area only is effective in preventing the snow 
from reaching the soil. The stand of conifers is not 
dense enough to prevent snow from reaching the ground, 
except over an area equal to the spread of the foliage at 
its greatest diameter. There will be, of course, less snow 
directly under the larger conifers, but in the aspen area 
there is believed to be very little interception. 

The melting of the snow cover is very largely con- 
trolled by slope and air temperature. 
melting begins and is practically concluded, except at 
the higher altitudes, before it is fairly started on north 
and east slopes. There is apparently little surface run-off 
on the lower south slopes; on the upper south slopes the 


On south slopes 
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appearance of springs along the channel of the stream is 
positive evidence that south slopes contribute largely to 
streamflow; the flow, however, is underground rather 
than surface. 

It may be expected, therefore, that, although the total 
snowfall on the average is not any greater than the rain- 
fall, a considerably greater portion of it percolates into 
the deeper soil and is later effective in maintaining 
streamflow. 

Attempt has been made to dispose of the precipitation 
measured on the A watershed in accordance with the 
previous analysis. The results appear in Table 24. 
TABLE 24.—Disposition of precipitation, watershed A. Precipitation 


and run-off observed; interception, transpiration, and evaporation 
computed. 


(1) (2) 3) |. Wd) (5) 
Precipi- pun-os, Intercep-| Transpi-| Evapo- 








Year. 

tation. tion. ration. ration. 

Inches. Inches. Inches. | Inches. | Inches. 
OEE ER PL IE NEA ELIE 90 21. 30 8. 3.61 | 3.92 5. 402 
Ri cccdedgddcescpisccpaseebteboes 18. 63 4.778 3.84 | 4.14 5. 872 
Pei covsoviscogipyqrestedeumatadate 22. 64 5.629 4.28 | 4.74 7.991 
PEs con acid dadeeteceusiiineeuies 19. 97 5.354 2.59 3.04 8. 986 
Dies i rbateeseyeodpertaauaiwesta 22.71 5. 596 4.1 4.28 8.734 
BOE vg ciddacdedisedocesvdtdidessions 22. 88 9. 644 2.66 2.73 7. 846 
Belles 66sscbsnsngredennnsvahoddabes 18.90 3.196 4.28 4.52 6. 904 
cio dedctancegbaoratbes 21.00 6. 081 3.62 3.91 7.389 

VRORERGB 6 ds 00 cb cecccncsd ausccundss 29.0 17.0 18.0 36.0 





The data in the columns headed “ Precipitation” and 
‘“‘Run-off,” respectively, were observed; those in the 
columns headed “Interception” and “Transpiration,”’ 
respectively, were computed; and finally the column 
headed ‘‘ Evaporation”’ is the difference between the sum 
of columns 2, 3, and 4 and the figures of column 1. In 
other words, after diminishing the precipitation by the 
run-off plus the interception plus the transpiration, the 
remainder is assumed to represent the loss by evaporation. 
Inasmuch as run-off, interception, transpiration, and 
evaporation total 100 per cent and the precipitation is 
thus completely disposed of, it is obvious that the com- 
puted values are inexact unless it be assumed, -as it may 
be without serious error, that the quantity of water in 
the watershed was the same in the beginning of the year 
as at the end. As a matter of fact, this amount may 
vary somewhat from year to year. It is never very large, 
except as a result of heavy or continued rains. The dis- 
position of the precipitation is graphically presented in 
figure 19. 

On page 27 it is shown that the average discharge on 
October 1 for the seven years beginning with 1911 is 
0.0104 inch for A and 0.0102 inch for B. For the week 
ending October 1 it is 0.0097 for A and 0.0098 inch for B. 
The average low-water discharge of the year is found in 
the second week of February, when A reaches the low 
average daily value of 0.0076 and B 0.0093 inch over 
watershed. During this period, October 1 to, say, Feb- 
ruary 25, the only water reaching the stream is from 
underground water and the small increment from snow 
melting on warm days. As before stated, practically all 
of the snow for September and the first half of October 


melts and may be effective in maintaining streamflow 
later, or may disappear much as does the larger part of 
summer showers. 

The total contribution from melted snow must be, in 
the nature of the case, quite small, hence it is argued that 
ground-water contributes the larger share of winter 
streamflow. 

Interception of rain by trees.—It is well known that a 
certain quantity of rain or snow is intercepted by trees, 
shrubs, and other forms of vegetable cover and never 
reaches the soil. The amount of rain thus intercepted 
in a forest must depend primarily upon a number of con- 
ditions, viz, the character of the trees, their age, density 
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Fig. 19. Disposition of precipitation. 


of crown, density of stand, the intensity of the snow 
(whether dry or moist), also the velocity of the wind 
during precipitation, etc. 

Many experiments looking to a determination of the 
amount of precipitation intercepted by trees have been 
carried out in various parts of the world. The estimates 
differ, as might be expected. Zon,? in summing up the 
results of European investigations, says: 


As a result of a great number of investigations it may be assumed 
that coniferous forests intercept more precipitation than broadleaf for- 
ests. Under average conditions a spruce forest will intercept about 39 
per cent of the precipitation, a broadleaf forest about 13 per cent. The 
amount of precipitation intercepted is the smallest in a young stand 
and greatest in a middle-aged one. 


In a search for further definite quantitative results, the 
work of Dr. H. E. Hamberg * on the influence of forests 
upon the climate of Sweden was examined. The follow- 
ing is a summary of Dr. Hamberg’s results: 

Rainfall measurements made in a clearing and at three 
places within an adjoining forest, the first under a thick 





§ Final report United States Waterways Commission, p. 229. 
* Hamberg, H. E., De }’influence des foréts sur !eclimat dela Suéde. Stockholm, 1885. 
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tand of pines 80 years old, the second in an old forest 

with a sparse stand of pines, and the third in a young 
forest of firs, gave the following amounts expressed as a 
percentage of precipitation measured in the clearing. 
(he year was divided into two parts, May to October 
and November to April. 

In the first or. warm season the raingage in the dense 
forest of old pines caught but 69 per cent of the precipi- 
tation in the clearing. In the winter half-year it caught 
30 per cent. In the old forest with a sparse stand of 
pines the rain-gage caught 98 and 106 per cent, respect- 
ively, of the amount caught in the clearing, and in the 
forest of young firs the catch was 68 and 86 per cent, 
respectively. Somewhat similar results were obtained at 
two other places, but they were not considered sufficient 
to furnish positive conclusions as to the quantity of water 
which on the whole reaches the soil in a forest. Finally; 
a special study extending from November, 1886, to June, 
1900, was made near Hjorthagen. In this experiment 
the different raingages were arranged as follows: A mast 
was erected in a small clearing, with its top on a level 
with the tops of the trees and rain-gage No. 1 was placed 
on the top of the mast. No. 2 was exposed in a bare 
clearing protected from the winds. No. 3 was in a still 
smaller protected clearing at the foot of the mast. The 
other exposures were chosen with regard to the thickness 
of the foliage-in tops and branches of the neighboring 
firs. At gages Nos. 5, 6, and 7, the branches of two or 
more trees touched each other. The remaining gages 
were placed either under the trees at different distances 
from the trunks or under the extreme ends of the branches 

For the purpose of comparison, the amounts of water 
that fell in the different months of the year, expressed 
as percentage of the catch on the top of the mast, are 
riven in Table 25. 


TABLE 25,—Percentage of rain at different stations at Hjorthagen. 


| 
The| Clear- 


Under the trees or at the extremity of the 
mast) ings. 


branches. 
| 
rer | oe 
1 | 21) 33) 43/52) 64 72 83 )| 9t 105/115) 125 


Per | Per) Per, Per| Per Per Per Per Per Per\ Per\ Per 
cent.| cent, cent.| cent.| cent. cent. cent. cent. cent. cent.\ cent. cent. 
64 








JaMUArY ......-.s.0.- 100| 97| 82) 77 | ML 61 60 57) 53 72| LO 
FOREN kes swacanngt 1100; 9 93) 80) 48 60 42 5! 50 37! 36 40 
Mamiihcisiainwdebts 100| 9% $9 91) 78 OO OF 44) 44 42) 56) 4 
Ae tetas "2221, 100} 94 91 TL) 9 74 80 35) 50 66) | 43 
Mag .cissdcacdanquass 100 | 106 | 105 | $2 | 9% 9 8&8 58 14/13) 8 
Julliacs sean andeciahe 100| 101 | 100 78| 75 97) 68 83) 69 70| 53 40 
Yale cdcuck+essiinees 100 | 101 |..... 76 |..... 89 |..... 76 62 62| 37| 45 
J Reeetanieag pce 100 | 103 j.....| S4}..... i Ineeses 8! 51 2) il ll 
September........... 100 | 101 |... 96 |... g2 [222 | 59 53| 26) 31 
October. .......----- 100 | 100 |222..) 90/2227" a2 ooo. 7| 40 30| 32) 21 
November. 22.2.2... 100 | 100 94") 206 | “62°57 | 60 44) 47) 3) 858 
December, .-.-.----. 100} 97 82) 78| 55 44 30 47) 46 39) SO! 40 
pee pene ben Seen eA UES, ice S Ed 
May-October....! 100 | 101 |..... ae ey ee 81| 58| 48| 32| 30 
November-April.| 100} 95 88) 82| 84) 63 66 47) 45! 47) 53/40 
The year........ | 100} 90|.....) 94 |..... 80.2... 70, 53 47| 41) 34 


1 November, 1886, to September, 1889. 
* November, 1889, to June, 1890. 
* November, 1888, to October, 1889. 


‘ November, 1888, to June, 1890. 
* November, 1886, to October, 1888. 


Dr. Hamberg concludes that nowhere and in no one 
month is more precipitation measured in the forest than 
in the clearing. In the most sheltered spots under the 


trees there reaches the soil in summer only 30 to 32 per 
cent and in winter only 40 to 53 per cent of the quantity 
of water that is measured at the tops of the trees or in 
the clearings. The forest of firs at this station, as at 
Alderstugan and Sparhult, permits the rain to pass more 
freely than the snow; thus, for example, the quantity 
measured at station No. 6 for the period May to October 
is 88 per cent, but for the period November to April only 
63 per cent, while at station No. 8 the difference is still 
greater, varying from 81 to 47 per cent, respectively. 

The amount of rain which reaches the soil in wooded 
regions depends, then, upon the density of the forest; in a 
dense forest, especially in one in which there is a growth 
of underbrush, this quantity amounts to one-half of the 
total quantity. 

The author further remarks “that the greater the pre- 
cipitation the greater the amount which reaches the 
ground, thus, for example, at station No. 12 of Table 25, 
considering all of the amounts less than 5 mm., but 7 per 
cent reaches the ground. For rains between 5 and 9.9 
mm. the percentage rises to 22, and for those rains in ex- 
cess of 10 mm. the percentages rise to 50. A similar well- 
marked and consistent relation with even greater values 
holds for the other stations.” 

Another writer on the subject* holds that as much as 
40 per cent of precipitation is intercepted in a 20-year 
stand of spruce. 

The danger and difficulty of applying to the Wagon 
Wheel Gap area the results hereinbefore quoted lie in the 
fact that the forest cover of that area is not uniform. In 
the cold months, as before intimated, the aspen intercepts 
very little snow; on the other hand, conifers, besides pre- 
venting the snow from reaching the ground under them, 
at times catch and hold in the foliage considerable quan- 
tities of snow, a large part of which is sooner or later 
evaporated. The stand of conifers, as a rule,is not suffi- 
ciently close to prevent snow from reaching the ground in 
the open spots throughout the areas in which these trees 
predominate. The question, then, is what portion of the 
coniferous areas is shielded from snow? In answer to 
this an opinion based on personal visits to the area in the 
cold season is offered, viz, that the equivalent of 0.03 inch 
of precipitation in the form of snow is intercepted for each 
snowstorm over not more than one-tenth of the known 
coniferous area, which on B is 53 acres. Assuming 60 
acres of conifers in A, there is a total of 113 acres on 
both watersheds, or 27 per cent of the total area. 

For tentative purposes it is estimated that the area 
directly under the conifers is about one-tenth of the 
coniferous area; therefore but one-tenth of the total 
area is shielded by the trees. (See Mr. Jarboe’s com- 
ment, p. 35.) 

In computing the amount of precipitation intercepted 
in the Wagon Wheel Gap area, as in the case of trans- 
piration, two independent calculations were made, by 


8 Edouard Hoppe: Regenergiebigkeit unter Fichtenjungwuchs (Mitteilung der K. K. 
fcrstlichen Versuchsanstalt in Mariabrunn Wien, 1902). 
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what may be designated as the X and Y methods. In 
the X method for computing interception, each separate 
rain during the season of summer rains was reduced by 
0.03 inch; in case there were two or more showers during 
daylight hours, separated by an interval of at least two 
hours without rain, 0.03 inch was subtracted for each 
shower and no distinction was made as to timber dis- 
tribution or surface cover, it being assumed that the 
amount chosen for each shower, 0.03 inch, would very 
closely approximate the average interception for the 
whole area. 

All of the light rains up to and including 0.03 inch 
were considered as being totally intercepted; accord- 
ingly, the total interception is made up of these light 
rains and 0.03 inch of each rain greater than 0.04 inch 
as above. 

About 13 per cent of B is not forested, and perhaps as 
much as 15 or 18 per cent of A is without forest cover. 

In the cold season, when precipitation is in the form 
of snow, the conditions as to interception are decidedly 
different. A considerable portion of the snowfall in the 
Rocky Mountain region, especially during the colder 
months, is dry; hence very little of it is intercepted by 
deciduous trees and only a minimum amount by conifers. 
However, with a rise in air temperature during spring 
the snowfall in the majority of cases is moist and the 
maximum interception by conifers is probable. A count 
of 759 snowfalls by months gives the results shown in 
Table 26. 


TABLE 26.-—Chaacter of snow storms at Wagon Wheel Gap, Colorado. 


> 


Sept. Oct. Nov. Dec. Jam. Feb. Mar. Apr. May. June. Total. 


3 SRE oes 3 19 44 91 79 83 77 41 tee 463 
Wet 8 33 18 3 17 19 45 85 55 13 288 


In computing the amount of snow intercepted by the 
forested area, the following considerations have been kept 
in mind: 

First, for reasons already stated, the coniferous area 
only will intercept snow—a small amount in the case of 
dry snow, more in the case of moist snow—but only the 
area directly under the trees will be affected. The stand 
of conifers is not close enough to shield completely the 
total area over which these trees predominate. 

Second: Granting the foregoing, it is assumed that the 
area directly under the conifers is to the whole area 
of conifers as 1 : 10,‘ and since the total coniferous area 
on both watersheds does not exceed 27 per cent, it fol- 
lows that only one-tenth of 27 per cent of the estimated 
interception over the entire area may be used to repre- 
sent the actual loss by interception. 

The plan followed in arriving at the total incerception 
during the season of snow was, first, to sum the daily 
amounts equal to or less than 0.03 inch, which sum was 
considered as being wholly intercepted; second, to deduct 





4 Mr. J. H. Jarboe is of opinion that 1:6 is more accurate. 


0.03 inch from each 24-hour precipitation of snow in ex- 
cess of 0.03 inch, and to set aside as wholly intercepted 
2.7 per cent of this sum, which, being added to the snow- 
storms of 0.03 inch or less, gave the total interception 
of snow. 

The amount of snow intercepted in storms amounting 
to more than 0.03 inch, according to the foregoing, is 
very small and remarkably uniform, ranging from 0.(4 
to 0.06 inch per season. While this amount seems unu- 
sually small, it should be remembered that the snow in 
a great majority of the snowstorms in winter is dry and 
does not cling to the conifers. Moist snow in April, May, 
and June, of course, lodges more or less in the foliage of 
conifers, and since the mean air temperature passes above 
32° in April, there must be more or less melting of the 
lodged snow on that side of the tree exposed to the direct 
rays of the sun. As melting continues portions of the 
lodged snow become loose and fall to the ground. A por- 
tion of the lodged snow evaporates, but no method is 
known of evaluating the quantity which is evaporated. 

It is proper to add in this connection the results of a 
short series of careful observations made during the 
summer of 1919 in Washington, D. C., bearing upon the 
amount of rainfall required to wet the foliage of a tree 
so that the leaves will begin to shed water in an appre- 
ciable quantity. The tipping-bucket raingage exposed 
on the roof of the Weather Bureau building served to 
record the depth and intensity of the rainfall and the 
maple trees on both M and Twenty-fourth Streets, imme- 
diately adjoining, were used to observe the interception 
due to that species of tree. 

An observation consisted in noting the time at which 
rain began to penetrate the foliage and reach the pave- 
ment. It was found, as might have been expected, that 
young trees began to shed rain before the older ones, and 
finally one tree was found, a mature maple about 35 feet 
high, whose foliage prevented rain from passing through it 
until at least 0.03 inch had been recorded by the tipping- 
bucket gage in the Weather Bureau building, and then 
the amount which reached the ground was considerably 
below that which was reaching the ground outside of the 
area protected by the tree. When the rain begins at an 
excessive rate, however, the ground under the tree may be 
wetted with as much as 0.02 inch, and the rate of fall 
through the foliage is greatly increased over that in mod- 
erate rains. The rains in the Wagon Wheel Gap area 
very rarely, if ever, fall at an excessive rate, such as fre- 
quently occurs in the humid regions of the east and sout!.. 

Method.—Method Y proceeds in this wise: Giving con- 
sideration to the results obtained by European investiga- 
tions, many of which under favorable conditions indica ‘e 
an interception of from 40 to 50 per cent of the precipita- 
tion, it was the object to arrive at an amount greatir 
than that already reported under method X, whic! 
barely reaches 10 per cent of the annual amount. K 
peated trials and varying estimates resulted in selectii 4 
the value of 0.07 inch interception for conifers and 0.0! 
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‘inch for deciduous trees; the mean of these, computed 
with regard to the area occupied by each species of tree, 
's 0.0498, or, roughly, 0.05 inch. 

Each 24-hour rainfall of that amount or less was con- 

idered as being intercepted, and the total of these 

mounts was taken from the record of 24-hour precipita- 
tion by watersheds. Reference was then had to the 
ourly automatic records for the D station. This station 
was considered more appropriate than the C record at a 
lower altitude and outside the boundaries of the experi- 
imental watersheds. The differences between the two 
records, except for such as are contingent upon local 
variation in the horizontal distribution of precipitation, 
are not great. 

From each hourly precipitation of as much as 0.06 inch 
the sum of 0.05 was uniformly deducted. In cases where 
the rainfall was in consecutive hours this procedure elim- 
inated as much as 45 per cent, on the average, of the 
total. It seems probable that in individual cases this 
amount is too great, but, on the other hand, the inter- 
ception from light hourly rainfalls may be too small. 

The number of storms in which rainfall exceeding 0.05 
inch an hour occurred for several consecutive hours is 
shown in Table 27; also the percentage of rain deducted 
for those particular storms. 


TABLE 27. 





- Number of Percentage Number of | Percen 
Year storms. deducted. Year. storms. | deducted 
Per cent Per cent 
7 43 BES + 51 
10 57 ee 14 41 
s 43 — 
9 42 Average st) 45 
14 39 





We have already intimated that, in individual cases, 
this method is at variance with the fact that in heavy 
rains the surface of the foliage soon becomes wetted and 
thereafter sheds rain freely. 

In winter the amount of interception is difficult of 
determination, since we have no hourly records of 
precipitation during the winter season. All precipita- 
tion of 0.05 inch or less per day plus the sums of 0.05 
from each daily precipitation above that amount were 
used, considering only 27 per cent of the entire area 
covered with conifers. This furnished small amounts, 
and is probably not much in error. The total amounts 
for each season are given in Table 28, in which will be 
found for comparative purposes the total seasonal in- 
terception by the X method. The mean of the two 
watersheds has been used in Table 28. 

TABLE 28.—Jnterception by trees. 
(Inches and hundredths.] 
| 


Per cent 

Year. 1912 1913 1914 1915 | 1916 1917 1918 Mean. annual 

- mean. 
Method X...... 1.83 2.07 2. 57 1.25 1.88 1.48 2.10 1.88 oo) 
Method Y....... 5.39 5.61 5.98 3.93 6.33 3.84 6. 46 5.37 25 








Mean..... “3.61 3.84 4.28| 259) 410 266 428 3.62 .......... 


NOTE. 
J. H. Jarsor, Meteorologist in charge. 


[Wagon Wheel Gap station. Dated August 21, 1919.) 


On watershed B there are more than 5,000 conifers between 6 and 
30 inches in diameter. Assuming that the crown spread of these 
trees will average 10 feet, and this is a conservative estimate, we 
have a shielded area of about 9 acres. This is about one-sixth of the 
area covered by conifers. It would seem that the area of one-tenth 
is perhaps too low. 

It is true that dry snow rebounds and sifts through the crowns of 
the conifers to a certain extent, but where little wind movement 
accompanies the snowfall, as is the general condition at Wagon Wheel 
Gap, the snow, even though dry, collects on the trees in large quan- 
tities and is held up for a long period unless heavy winds follow the 
snowfall. 

Snow mats, one in the open and two under conifers, were used at 
this station between March 7 and April 9 of this year. Daily observa- 
tions of snowfall on these mats were taken. Any snow that afterwards 
fell from the trees was also measured. The total snowfall on the mat 
in the open was 30.2 inches and a mean of the amounts that fell on the 
mats under the conifers was 12.3 inches. Most of the snowialls, how- 
ever, were moist and conditions were favorable for a maximum inter- 
ception by the trees. 

It would seem that more precipitation is intercepted by trees than 
is shown by the X method. After observing laily all the snowfalls 
at Wagon Wheel Gap for a period of two years it is believed that 
measurement will show that more than 0.03 inch of melted snow is 
intercepted, even during dry snow storms. Table 29 shows a larger 
interception, but the observations are for short periods and of course 
for that reason can be given little weight. 


TABLE 29.—Snowfall intercepted at Wagon Wheel Gap—Amounts caught. 


Timber. Open. Timber. Open, 
1919 ’ 1919 
Mat Mat ne , Water Mat Mat hoe | Water 
No. 1.\No. 2. Imches.| Gon. No. 1.|No, 2.| /Behes-| Con. 
St ae 0.1, 61 0.1 0.01 | Mar. 24..... 1.4 1.3 3.5 . 26 
ets 3 3 vn . 06 ies T , | ol 
ea Z, T 3 .O1 ee 4 .4 1.4 22 
Tae .5 ) 1.3 .0” 31 2 2 4 2 
RESTS T. T 5S -O1 | Apr. 2.. T. v. 7 01 
. .4 4 -9 . 08 eS 2.3 2.4 4.6 .18 
. a 20, 20 5.7 55 Betis a 8 8 1.7 .W 
as 3.7 3.7 9.2 | -- 
Tadstce 2 2 2 . 06 Total 12.3 | 12.3 30.2 


Rain intercepted by trees at Wagon Wheel Gap—Gage catch. 


Fir. Aspen. Open. Fir Aspen. Open 
July 13.......... 0. 37 0. 45 0.64 || Aw. 1........ 0. 03 0.13 0.19 
DG. 2essoctt . -20 33 re T .01 06 
ids. caves -21 | .47 54 eetivdes T on 06 
are : 37 . 65 71 iar T T ("2 
Wamtssebive oO .2 . 08 De otbeu T 1 .2 
Ts we iain on 0 T. .04 IMA 0 0 02 
Blac auvwece 4 -i4 -22 Ss stetese O01 06 08 
. Ipc 2 , # .02 .08 ae ‘ T 06 15 
| eg eee iz T. .O1 Weewwicsd T v1 05 
Tee T . 06 -12 
Sm ssi tden ve ¢ » .02 Total. ... 04 .28 . 65 
Rah 7, . 02 -l1 | Per cent... 6 43 hip 
Sum...... 1.04 2.03 2.9 
Por cent. ....... 36 OO i iisedes 


Method Y would seem to eliminate too large an amount of precipita 
tion. It would seem to be in error to deduct 0.05 inch from each hour 
of consecutive hourly precipitation, for after rain has fallen for several 
hours the amount intercepted by the trees becomes less and less until 
it is, for all practical purposes, just a matter of the amount evaporated 
in the crown of the trees. 
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TRANSPIRATION. 


Meyer * recommends the use of the following values for 
tentative purposes in the calculation of normal seasonal 
transpiration: 

For grasses and agricultural crops, 9 to 10 inches. 

For deciduous trees, 8 to 12 inches. 

For small trees and brush, 6 to 8 inches. 

For coniferous trees, 4 to 6 inches. 

A very great amount of work has been done on the 
general subject of transpiration, most of which, however, 
has been confined to field crops and greenhouse plants 
that can be potted and kept under artificial control. 

Attempts to compute the transpiration of a tree from 
experiments made on the leaves of a small branch and 
extending the results to an entire forest do not give re- 
sults which inspire great confidence. It is perfectly 
feasible, as shown by Briggs and Shantz! to determine 
the water requirements of certain field crops under con- 
trolled conditions and to extend the results of the experi- 
mental work to the determination of the water require- 
ment of crops in the field. The amount of water trans- 
pired by a forest, however, is not easily determined, 
although various estimates have been made. These 
range from a minimum of 0.002 to 0.021 inch per day. 
Calculations based on the dry weight of the leaves on a 
single tree have shown the tremendous possibilities of 
transpiration, and when the results are multiplied by 500 
or 1,000, as the case may be, to represent the transpira- 
tion on an acre of forest trees, it frequently results in 
making the transpiration greater than the annual precipi- 
tation. Meyer® has well said: 

If plants, under field conditions, transpired a quantity of water equal 
to from one-half to two times the evaporation from an equivalent sur- 
face of water, as claimed by some experimenters, a great many streams 
in the United States, that have a very appreciable sustained flow, 
would become intermittent, because there would be no ground water 
to supply them. 

The monthly and seasonal transpiration for the Wagon 
Wheel Gap area have been computed by two more or less 
independent methods, which, for purposes of discussion, 
will be referred to as X and Y. Each method will be 
described in detail, beginning with method X. 

Method X —The following considerations have led to 
a modification of the limiting values given in the begin- 
ning of this section. First, the season at Wagon Wheel 
Gap, owing to the altitude, is short. The daily mean 
temperature passes above 43° F. about May 24 and re- 
cedes to that amount on September 28, thus making a 
season of 127 days. At Denver, Colo., the season is 220 
days in length. Second, the character and density of 
vegetation in the experimental area. The stand of aspen 
is not uniform, varying from thin to dense. The stand 
of conifers is on the average rather sparse, except for 


* Elements of Hydrology, p. 262. 6 Loc. cit., p. 260. 


small clusters here and there. The grass covering is also 
light everywhere, except in the small irrigated area in 
the camp, which is outside of the experimental area; 
and, finally, the sunshine during the season of transpira- 
tion is not abundant. Moreover, a large part of the area 
is in the shadow of the mountain from about 3.30 p. m. 
to sunset. 

It seems that a reduction of at least 18 per cent should 
be made for the shortness of the season and that an 
additional reduction of, say, 10 per cent on account of 
deficient sunshine is warranted. In connection with 
deficient sunshine the fact has been taken into considera- 
tion that owing to the altitude the station is frequently 
within the lower cloud level and that during such periods 
more or less moisture is condensed upon the foliage in 
the forest, thus diminishing for the time being the oppor- 
tunity for transpiration. lf, now, the mean of Meyer’s 
limiting values (10 inches for deciduous trees and 5 inches 
for conifers) is taken and reduced by 28 per cent, the 
result for use as a working basis is a seasonal transpira- 
tion of 7.2 inches for deciduous trees and 3.6 inches for 
conifers. The grass area may be neglected. 

These basic values are further modified by a considera- 
tion of the rainfall of the three summer months and the 
first half of September—107 days—as follows: The sum 
of the current rainfall for May and June is compared with 
the mean rainfall for those montis during the eight years 
of the experiment. If the current rainfall is the same 
as the average it is considered that transpiration will 
be average; if rainfall has been below average, it is con- 
sidered that transpiration will also be below average 
in direct proportion, and likewise when rainfall is 
above average transpiration will be above average. In 
practice the rainfall of the month preceding and the 
current month were combined and compared with the 
eight-year average for the same months. In order to 
make allowance for the nonforested area a further reduc- 
tion of 17 per cent was made, since the combined aspen 
and coniferous areas aggregate 83 per cent of the total 
area on B and it is assumed that these relations hold for A. 

Method Y .—In the compilation for method Y the fol- 
lowing values were used: For transpiration from aspens 
0.11 inch per day, under most favorable conditions of 
sunshine, etc.; for transpiration from evergreens 0.07 inch 
per day; aspens 120 acres, evergreens 50 acres, mean 
value 0.098 inch per day. 

Dr. MacDougal’ states that an acre of beech trees 
containing 400 to 600 specimens will transpire about 
2,000,000 pounds in a single summer. The length of the 
summer and other physical data are not given, hencé 
the possibility of an error in our interpretation. A single 
summer has been taken as 92 days, wherefore, converting 
transpiration in pounds to daily amounts and expressing 


1D. T. MacDougal, Encyclopedia of Horticulture, Vol. VI, p. 3365. 
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‘he result in inches, the values above stated are obtained. 
in determining the transpiration from conifers the value 
civen by Meyer* was used without modification as in 
method X. 

The mean value 0.098 inch (roughly 0.10 inch) per 
day served as a basis for computing monthly and sea- 
sonal transpiration. The computations were made as 
follows: It was considered that on a day with 100 per 
cent of sunshine and 0.10 inch of available water, full 
transpiration would occur. The period of transpiration 
was taken as that during which aspens are in leaf, from 
June 8 to September 18, 103 days; therefore, 103 x 
0.10 = 10.30 inches for the normal seasonal precipitation. 
The eight-year average precipitation used in method X 
is about an inch less. 

The prevailing sunshine was taken from the automatic 
records of Station C; applying a correction based on the 
duration of sunshine and multiplying the values so deter- 


“seasons rainfall” 


mined by the final vaies are ob- 


10.30 
tained. 
TABLE 30.—Computed transpiration in inches. 

* ‘ 

| 1912 | 1913 1914 | 1915 1916 | 1917 1918 Mean. 
MethhR 3 5), ... sihachvinnesumend ..| 471 | 5.09 6.18 | 3.29, 4.16 3.24) 4.50 4.45 
ng gf RBA Pe -.-.- 3.12 | 3.20 | 3.30 ' 2.79 | 4.40 | 2.22 4.55 | 3.37 

SINE... sapedhosss-c<stipent 8.92 4.14 4.74 3.04 4.28 


It is thus possible, using nearly the same basic values, 
to obtain different results. It is not claimed that either 
of the annual amounts represents the absolute quantity 
of water lost to streamflow by transpiration, but it is 
believed that they are not far wide of the mark. 

Y is smaller than X mainly because both the rainfall 
and sunshine factors used in the computations tend to 
give smaller values than were given by method X. 
Another reason is that the length of the season in method 
X was taken, as a matter of convenience in the computa- 
tions, as from June 1 to September 15, a period of 107 
days, as against 103 days in Y. The mean of the two 
computations was used in Table 24. 


CHARACTERISTIC DIFFERENCES IN STREAMFLOW OF 
WATERSHEDS A AND B. 


A casual inspection of the records of streamflow shows 
at once that the régime of stream A is different from that 
of stream B in several particulars. 

It was observed in the beginning, and has been repeat- 
edly confirmed by subsequent observations, that the 
run-off due to surface flow—that portion of the rainfall 
previously classed as R,—is greater on A than on B. 
Contrary to first impressions, it requires about an hour 
longer on the average for the maximum volume of such 





® Loc. cit. 


portrayed in figure 20. 


water to reach the dam; that is to say, the surface flow 
of B crests anout an hour earlier than of A. On the 
other hand, the run-off due to underground waters, R,, 
at times is considerably greater on B than on A, and 
naturally the maximum volume of flow, unit areas con- 
sidered, reaches its crest later on B than on A. In other 
words, Watershed B is a greater conserver of precipita- 
tion than A. 

The lag in run-off of stream B.—The evidence of the 
lag in run-off of stream B is so voluminous that it is 
difficult to make a selection. The only great rain flood 
thus far experienced, on October 4-5, 1911, shows that, 
while the surface flow from each watershed crested about 
the same hour on October 5, the discharge of stream A 
diminished rather steadily thereafter. Stream B dis- 
charged a less volume from the surface flow, but the 
hourly discharge held up and actually increased, reaching 
a maximum at 2 p. m. of the 9th, four days after the pri- 
mary crest from surface runoff. The facts are graphically 
From the behavior of B with 
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Fig. 20. Hourly rainfall at D and streamflow, A and B, October flood of 1911. 


respect to A in the matter of run-off not only from rain but 
also from snow, the important inference is drawn that the 
capacity for storage of underground water on B is greater 
than that on A. 

The statement that the run-off from surface flow on B 
reaches stream B about an hour earlier than on stream A 
is based on a study of 42 cases of sharp rises due to the 
most intense rains which fall over the area. In this 
study it was shown that on an average stream A rose from 
low water to a crest within four hours, while on stream B 
the crest was reached within three hours. The time of 
beginning of precipitation did not always coincide with 
the hour of low water, hence great refinement in arriving 
at this result was not possible. 

Run-off from snow.—The run-off from melting snow 
must reach the stream largely through underground 
channels. When snow melts slowly the opportunity for 
percolation into the soil is very great, and, as in the case 
of rain, any surface run-off of consequence would not be 
expected, except at the time of maximum melting, when 
the surface run-off from north slopes is probably greater 
than ever happens in the case of rainfall. Snow begins 











38 SUPPLEMENT NO. 17. 


to melt on south slopes in February. The resulting 
water, however, does not quickly become available for 
streamflow or even to replenish ground water, since the 
water percolates first into the snow cover itself and does 
not reach the soil until at a later stage in the cycle of 
melting. The explanation of the disappearance of the 
snow on the lower south slopes without apparently 
increasing streamflow has been more or less of a puzzle. 
Very early in the experiment it was noticed, as was to have 
been expected, that the snow disappeared much earlier 
on the south than on the north slopes but there was no 
immediate response in streamflow. 

On further consideration, it would appear that the early 
snow melting on the south slopes can not be expected 
to appear quickly as run-off, since, as before remarked 
the water from the superficial layers must percolate into 
the snow cover and therefore does not reach the soil or 
flow away over the surface as in the case of rain. 

Experiments by Horton® show that under suitable con- 
ditions snow behaves like any other permeable medium, 
such as porous soil, as regards the percolation of water 
through it and capillary retention of water in the inter- 
stices of the medium. 

One of the writers, while at Wagon Wheel Gap in April, 
1919, using permanganate of potash as a stain, made 
several simple tests in the cover of old snow, which at that 
time ranged in depth from 24 to 34 inches and had a 
density of about 30 per cent. The procedure was very 
simple; that is to spread a few grains of permanganate 
on the surface of the snow and subsequently to uncover 
a cross-section of the snow layer immediately adjoining 
and observe the depth and extent of the penetration of the 
stain. Of course, the crystals of permanganate being 
opaque, there was greater melting in their immediate 
vicinity than elsewhere, but it is not believed that the 
circumstance vitiates the accuracy of the conclusions. 
It was found that surface snow water penetrated to the 
ground through a snow layer of 32.5 inches in depth in 
24 hours and also spread laterally 15 inches from the 
vertical in the direction of the slope in the same time. 
The conclusion reached from the tests was that the flow 
of water from surface snow melting is determined by 
gravity and its speed is conditioned upon the porosity of 
the snow directly underneath, thus confirming the results 
reached by Horton in a different way. _ 

The total area of south slopes is less than a third of the 
watersheds. 

In order to examine the data in greater detail, the 
daily observations of temperature and run-off have been 
tabulated for both watersheds for the month of February 
and first half of March, 1916 (Table 31). This tabulation 
seems to give a close-up view of the beginning of the snow 
melting when the mean temperature is yet considerably 
below the melting point. 


* The Melting of Snow. Robt. E. Horton, MONTHLY WEATHER REVIEW, 43:599. 


Tasie 31.—Relation between temperature and run-off. 


| | 
Daily 








|. mean Hour | Excess | Run-offin 24-hour change | Ronee in 
tem pera- (Sagres y. day inches ped (inches = | (eubie feet 
1916. CF. above 32).. (degrees). | watershed.| watershed) per acre). 
|} A.| B] A.| BB.) AL] BL] AL | BL} OA, Bo fas |B. 
a | dietieea a ine rare on 
Feb. 1) —8 —10} 0 0 0.00, 0.00/0.0068/0.0084 —0.0001 —0.0001 —0.2 —0.3 
2, 1 | 0 © 6.00 0.00) .0068 .0084 0 o Oo .0 
a1, 1, 0, 0.00) 0.00) .0068! .0085 0+ 1) —0.2, +0.2 
4 2 21} 0 0 0.00 0.00) .0068 . 0085) 0 0 40.2 40.2 
5 22} 0 0 0.00) 0.00) .0068 .0085) 0 0 .0 —0.1 
6 24 23 23) 16, 0.96{ 0.67) .0068) .0084! 0\- 1 —0.3| —0.3 
7; 26 25) 39 32) 1.62) 1.33) .0068) .0085 0+ 1 0} +0.3 
8, 29 29) 28| 26 1.17 1.08) .0068 _0085 0 0 +0.3}  .0 
9) 27 27) 44 42 1.83) 1.75) .0068 .0085 0 0) —0.3| —0.2 
10 +24 «©623) Ss 9} 2|s«0.37) 0.08) .0068) .0085 0 0) +0.3) +0.1 
11| 27 26| 46; 42 1.92) 1.75] .0069, .0086\+ 1\+ 1) +0.3) +0.3 
12; 2) 2 oO 0| 0.00 0.00) .0070, .0086 + 1 0 +0.3) .0 
13, 18 16 3 © 0.12) 0.00| .0070 .0086 0 | LO} 0.1 
14; 22 21) 24 11) 1.00) 0.46) .0070) .0084) 0— 2 .0 0.4 
15 22; «21 0 0; 0.00) 0.00) .0072) .0085|+ 2!+ 1 +0.5) +0.2 
16; 2 18) OF 0 0.00) 0.00) .0074) .0085'+ 2 0 +0.9) .0 
17; 21; 2) 7 2 0.29 0.08) .0076) .0085\+ 2 0, +0.8) +0.1 
18| 22 22) 3 3 0.12 0.12) .0077) .0086/+ 1+ 1) +0.4, +0.3 
19 20, 18 0} 0} 0.00; 0.00) .0078) .0086 + 1 0) +0.2) —0.1 
20, 20 19) 5 0 0.21) 0.00) .0077) .0085 — 1|— 1) —0.2} —0.2 
oi 2] ah 6 Oe 0. 25) 0.21} .0075, .0086 — 2+ 1, —0.7| +0.1 
22| 25 26| 2 | 0.08 0.00) .0073| .0086— 2 0 —1.0, +0.2 
23' 19 19 +1 0} 0.04} 0.00) .0073 .0086 0 0 .0| —0.1 
%| 21) 2 12 8 0.50) 0.33} .0072) .0086/— i 0-02 .0 
25 22) 21) 16) 11) 0.67) 0.46) .0071, .0086|— 1 0} —0.4) +0.1 
26/ 23 23] 16 17) 0.67) 0.71) .0072) .0086/+ 1 0) +0.3| +0.1 
27, 27 28]. 6 8 0.25) 0.33) .0072| .0087 04 1) +0.1) +0.2 
28 22; 22 0 0 0.00) 0.00) .0071) .0088 — 1+ 1) —0.4) +0.3 
29 | 17, 17, 0 = 0.00, 0.00; .0071) .0087, o- 1, —0.1) —0.3 
Mar. 1} 19 19 £40 0} 0.00) 0.00) .0070 .0089— 1+ 2} —0.1) +0.6 
2) 13 12 © 0} 0.00) 0.00, .0069, .0087/— 1j— 2) —0.6| —0.5 
3; 14 13 0 OF 0.00, 0.00 .0068 .0086 — 1j-— 1) —0.4) —0.5 
4/ 31, 30 56) 54) 2.33) 2.25) .0070) .0087/+ 2\+ 1) +1.0) +0.5 
5; 31} 31 18 16 0.75) 0.67\ .0071 .0088+ 1|+ 1) +0.2) +0.3 
6) 21) 21. O © 0.00) 0.00, .0071) .0089 0+ 1) —0.1) +0.3 
7; 29) 20 25; 23) 1.04) 0.96, .0071) .0089 0 0 =.0} +0.1 
8, 39 38 174) 162) 7.25 6.75 .0082, 0095+ 11+ 6 +4.3) +2.0 
9 42) 42 236 244) 9.83! 10.17| .0102) .0108|+  20/+ 13, +7.1) +4.7 
10; 38 38 153) 157 6.38 6.54 .0116 .0115+ 14+ 7| +5.1] +2.6 
11} 32 30 104 67) 4.33) 2.79 .0125) .O115|+ 9 0, +3.4) +0.1 
12| 34 32) 129) 79} 5.42) 3.29 .0137 .O116;+ 12+ 1) +41) +0.2 
13} 33; 32) 116, 103 4.83) 4.29) .0149| .O121/+ = 12/+ 5 +4.4) +1.¢ 
14) 24 25 5 9 0.20) 0.38, .0143) .0123|— 6+ 2) —2.2| +0.8 
15| 27) 27 #65 «52) 2.71) 2.17) .0125) .0117) s\— 6,-6.5) —2.0 


~1 
— 


1 Following is an explanation of the data in the several columns of the table. 


Daily mean temperatures are from the daily extreme 
Max. +min. 
2 


Hour degrees.—The summation of the excess of the 
hourly temperatures above 32° represents the hour de- 
grees for that day. As a rule the excess of the afternoon 
temperatures coincide with the hour degrees for any day. 

Day degrees.—A day degree is considered as an average 
excess of a whole degree above 32° for the 24 hours. 

If the temperature of each hour of the 24 were 33°, 
there would be an excess of 24°, which, divided by 24, 
equals 1 day degree. Since, however, in nature, the 
excess in temperature above 32° is not uniformly dis- 
tributed throughout the 24 hours, but is generally 
grouped around the afternoon hours, the problem be- 
comes one of seeking a working unit of temperature that 
will be significant in snow melting. The figures in the 
column ‘day degrees” represent, the excess of daylight 
temperatures above 32 divided by 24. The hourly 
record by thermograph provides the means of arriving 
at the figures. It should be remembered that the tem- 
perature of the south slopes is almost always a few de- 
grees higher on the average than those of the north slopes. 
Only north-slope temperatures appear in the table. 
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The run-off is given in depth over the watershed; the 
24-hour changes are given in “depth over watershed”’ 
and also in “cubic feet per acre,” the latter for compara- 
tive purposes, since to express the small fluctuations of 
winter in the unit ‘depth over watershed’ would neces- 
sitate the use of an undesirable number of decimal 
places. 

Some time has been devoted to seeking a convenient 
working index to the temperature at which snow melting 
and surface run-off begin. For tentative purposes, it 
may be said that an excess of a single day degree will 
start slight surface run-off. A weekly mean maximum 
temperature of 35° is also effective to about the same 
degree. Considerable run-off is indicated whenever the 
weekly mean maximum approaches 40° or the excess in 
day degrees amounts to 4 or more. The amount of 
run-off for the same temperature varies, however, with 
the season and the nature of the snow, whether old or 
fresh, and probably other conditions, especially the 
duration of the high temperature. Both streams are 
sensitive to changes in temperature, A being more so 
than B, as may easily be seen by an examination of the 
tabulations herein presented. Whenever the run-off is 
increasing on both streams, as a result of relatively high 
temperature, a fall in temperature of a few degrees im- 
mediately checks the run-off on A, but in a considerably 
less degree on B, the full effect on B appearing a day or so 
later, as may be seen from the few examples selected and 
presented in Table 32. A sudden fall in temperature 
almost invariably causes the discharge of A to diminish, 
but it may scarcely affect B. 


TaBLe 32.—Effect of sharp fall in temperature on discharge of both 


watersheds. 
A. Change in— | B. 
Daily Daily Daily Daily | Snowfall 
Date. mean discharge) mean discharge (inches) 
tempera- (cubic |tempera- (cubic 
ture feet per | ture feet per 
(degrees). acre). |(degrees). acre). 
1913. 

Jan. 6.2.53 stele nile dicate siileelindamit —15.2 +0.2 —24.7 —0.1 ».3 
6. .dctbeescunedecctacsbeeinst -— 6.8 — .3 — 6.9 D letasoveses 
Ee OE ES Oe ESE ee ae + 4.0 — .8 + 3.1 — «1 -o--ene-ee 

1 + of ir EB Niksbsonnis 


S. occdentoved aid ecbntecouivees +11.0 —. 
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Still referring to Table 31, it is to be observed that as a 
result of the slight increase in the temperature beginning 
on the 6th and ending on the 11th there was a slightly 
increased stream flow susceptible of definite measure- 
ment, more particularly on A, beginning about the 15th. 


It is reasonable to refer this small increase in streamfiow 
to the excess in day degrees of temperature, beginning 
as above on the 6th. It is also to be noted that the 
excess of day degrees of temperature in both the second 
and third decades of February was less than in the first 
decade and that in general the run-off decreased after 
the 19th (Table 33). The increase in run-off during 
February that can perhaps be ascribed to run-off from 
melted snow was 0.0091 inch on A and 0.0044 inch on B. 


TaBLe 33.—Decade temperature and stream flow, February and March, 





1916. 
Mean | Run-off com- 
daily Total aol Total run-off puted (inches ; 
tons cess day (inches over over water- Difference. 
yoo (degrees). watershed). shed). 
A B A B it B A B \ B 
Feb. 1-10... 18.3; 17.7) 5.95) 4.91) 0. 0680! 0.087) 0.0680 0.0840 0 0. 0007 
11-20... 21.3' 20.1) 3.66) 2.41 . 0733 . OR54 . 0680 0840 —0. 0053 . 0015 
21-29...| 21.9, 21.9| 2.46) 2.04 . 0650 . 0778 .0612 .0756,— .0038 0022 
Pe eS UY PAE OS ons 2063, .2479 .1972 .2436,— .0001 — . 0044 
Mar. 1-10...| 27.7| 27.3, 6.62 6.56 .0700 .0083|................|......-.s0-... 
11-20... 32.1) 31.5) 43.07) 37.71 . 1386 PEs Dae scaheooresbain tse 





On February 1 watershed A was discharging at the 
rate of 0.0068 inch per day. Assuming that there was no 
increase in underground water, nor any contribution 
from surface flow, the total discharge for the 10 days 
would be 0.0680 inch. The actual discharge was 0.0680 
inch. Considering the remaining decades in like manner 
Table 33 has been formed. 

It will now be of interest to examine the records of 
snow depth for the months covered by Table 33. These 
data will be found in Table 34, from which it may be 
seen that on January 31 the average depth of snow, 
north slope stations was 36.6 inches. The average 
depth at the four south slope stations was 24.6 inches. 
Table 34 further shows that for the 10 days ending 
February 10, the average depth on north slope water- 
shed A had decreased 5.0 inches; adding the snow which 
fell during that period, 0.6 inch, the total decrease is 
seen to have been 5.6 inches. 

The average depth on February 20 was, north slope 
28.3 inches, south slope 13.8 inches. There was no snow 
of consequence during the second decade. 


TABLE 34.—Depth of snow on watershed A (in inches). 























Janu- 
ary, February, 1916. March, 1916. 
Station. 1916. 
31 10 20 29 echileed t+ 20 

South slope 2...... 28.8 22.8 19.4 20.8 22.8 17.4 G it 
ae 32.4 26.4 19.8 19.2 18.0 12.0 2 0.0 
ee 24.0 2.4; 13.2 14.4 14.4 8.4 0.0 0.0 
Betas 13.2 9.6 3.0 T 2.4 T 0.0 0.0 
Mean........ 24.6 19.8 13.8 De Sc ctibegks 09 vetadiavendiabieine 
North slope 1...... 36.0) 31.2 2.0 30.0 33.0, 306, 30.0!) 27.6 
erat: 4.8] 31.2) 28 318 33.6! 28! 25.8 22.8 
i ce 33.0} 2.5) 240'. 27.6 31.2; 2.0; 24.6 21.6 
Aw 420) 34.8! 30.0 36.0! 396) 30.0!) 28.8 20.4 
, Maker 30.0) 348) 32.4 348) 38.4) 32.4) 32.4 29.4 
ER: 36.0 | 31.2) 282 30.0 324/ 27.6) 24.0 19.2 
Sujam 28.4] 33.6) 31.8; 38.6: 38.4] 336) 20.6 26.4 
Ga. x 47.4| 4.8 39.6 420 4.8) 420 44.8) 384 
Mo cha $8.4) 34.2, 324 360) 39.6) 336 324 28.2 
tel eae 46.8| 42.6 39.6) 42.0) 462, 42.0 39.0 36.0 
Tange 43.2| 37.8; 34.8: 384) 42.0) 384) 36.0 33.6 
~ hes 36.6) 32.4 312) 348| 36.0) 32.4 31.8 27.6 
Oe casita 37.2| 33.6) 28.8 20.0) 33.0; 27.6) 228 14.4 
ies 44.4/ 30.4 36.0) 384) 42.0) 37.2) %8/) 324 
_ Tipsand 43.2) 36.6 35.4) 396) 426 39.6, 324) 34.8 
Mean........ 36.6/ 31.6 2.3) 90.5) 33.3. 28.3 1) (9.7 


c 

















40 SUPPLEMENT NO. 17. 


The average depth on February 29 was, north slope 
30.5 inches, south slope 13.6 inches. The total snowfall 
for the nine days was 3.8 inches, hence the diminution 
in depth, north slopes, was actually 1.6 inches. Consid- 
ering the month as a whole, the south slopes, excepting 
No. 18 only, still carried a snow cover. Practically: all 
of the 13.2 inches of snow on No. 18 at the beginning of 
the month, plus that which had fallen in the meantime, 
had disappeared by the 29th. 

The water equivalent of the 13.2 inches of snow on 
January 31 was 2.90 inches; since snow-scale No. 18 
forms but 13 per cent of the watershed, that amount 
would correspond to 0.377 inch over watershed. The 
normal run-off for that amount of precipitation is 0.105 
inch. If to that amount is added 0.160 inch as the prob- 
able evaporation for the month, as computation shows it 
would have been, the water equivalent obtained for the 
total disappearance of snow is 0.265 inch, whereas the 
measured run-off was only 0.207 inch. 

In this computation no account has been taken of the 
shrinkage of the snow cover on the three remaining south 
slopes, nor any of the north slopes; only that amount of 
snow which has actually disappeared, either into the air 
or earth has been considered. It is obvious that there is 
some difficulty in accounting for the apparent loss of 
snow from the south slopes unless it be considered as 
being lost in part by evaporation and in part servirg to 
replenish ground storage. 

Still considering the data of Tables 32 and 33, it is 
further remarked that after the slight warming up in the 
first decade of February there is a small increase in the 
run-off, greatest in the second decade and falling off some- 
what in the third decade. It seems reasonable to as- 
cribe this increase in run-off diréctly to the small rise in 
temperature before referred to in connection with the 
disappearance of the snow cover on snow-scale area 
No. 18. 

The detailed data for the first and second decades of 
March, Table 33, are also interesting in showing the 
prompt response of the streams to temperatures at which 
run-off begins. 

During the first decade of March the temperature was 
rather uniformly low until the 7th. From the 7th to the 
10th the average daily excess above 32° was 7.8 day de- 
grees, and melting attended by surface run-off was active 
on both watersheds. The cumulative effect of these 
three days of relatively high temperature is seen in the 
run-off of the second decade of the month in which, for 
the first time during the low-water season, the discharge 
of A exceeds that of B for a 10-day period. 

Still another table (Table 35) is presented illustrating 
the relations between temperature and run-off. In this 
table actual daily mean temperatures and the changes 
from day to day are given, and these may be compared 
with the increase or decrease in the daily discharge on an 
acre basis. The period covered by this table includes the 
greatest run-off from melting snow that has as yet oc- 


curred in the experiment. From the figures of this table 
it appears that whenever in April the daily mean temper- 
ature passes above freezing even for a single day, there is 
a decided increase in the discharge. When it remains 
over 32° for several days the volume of the discharge 
increases, but only so long as the mean temperature con- 
tinues to increase. For example, if the mean tempera- 
ture on the third day reaches 36° and on the fourth day 
falls back to 34°, the discharge of the fourth day, as 
compared with the third, diminishes. (See the dates of 
increasing volume of discharge due to air temperatures, 
as follows: April 12 to 14 and 21 to 26, inclusive; May | 
to 3 and 11 to 20, 1917. 

The dependence of the ratio B/A upon the temperature 
is also excellently illustrated in Table 35 (see the column 
on the extreme right). 


TaBLe 35.— Temperature and run-off relations, flood 1917. 


Mean temper- 


ature. | Daily change. Discharge. Daily change. 
Date Ratio, 
5 on nee B/A, 
A B A B A B A | B 
Cu. ft. Cu. ft. 
1917. per acre. per acre. } 

Apr. 1... 12.2) 12.4) —12.5| —12.0/ 31.1 37.8, — 43/— L8 122 
2.. 15.9 16.2 | + 3.7 + 3.8 29.1 36.8 — 2.0) — 1.0 126 
3.. 15.3] 16.4)/— .6 + .2) 237, 366 — .4/— .2 128 
4.. 20.1) 192) 448/428) 22 360 — .6/-— .6 128 
5.. 29.3 | 29.0 | +9.2 +9.8 30.4 37.0 + 22'+ LO 122 
6.. 2.3) 27.2)}—3.0 —1.8| 31.8 37.4 + 14/+ .4 113 
7. 284) 22)4+212, +10, 328 384 + 10) + 10 117 
8.. 35.4) 34.1) 47.0 +59) 37.3 40.7 + 45) + 23 109 
9.. 31.5] 31.6 —3.9'—25 > 42.4 435,+ 51) + 28 103 
10.. 28.0) 27.8)—3.5|—3.8' 389 44.6 — 3.5) + 1.1 115 
1L..; 29.2) 28.0) 4+1.2' + .2) 398 438 + .9|— .8 110 
12.. 34.1) 340/4+49,4+60 464 £4444.6'+ 66 + .8 96 
13..: 34.7) 35.0) + .6 +1.0 523) 464 + 59) + 1.8 89 
4... 35.2} 35.5/+ .6'+ .5; 62.1 48.6 + 9.8\ + 2.2 78 
15... 90.0] 31.0|—-82\|—45! 66.2 481+ 41/4 .2 74 
16.. 26.9; 2.9/—3.1/—41) 608 42 — 54)/-— .6 79 
17.., 30.2) 20.8; 433)/ +29) 548 47.4)/—- 60)/— .8 86 
18..| 20.0] 280};—12};—18/] 493) 45.5}/— 55}— 19 92 
19..| 21.8] 225)/—7.2|;—5.5| 458) 4.7/—- 35'-— .8 98 
20... 25.5) 2.8/4+3.7/ 41.3) 44.6 45.4)— 12)+ .7 102 
21... 33.0) 31.5/4+7.5'+7.7| 50.7 50.5}+ 6.1 + 5.1 100 
22... 37.1) 35.8/+41/4+43)| 75.7) 63.5) + 25.0] + 13.0 84 
23..' 36.9! 37.2) — .2)' +1.4] 107.8 87.6 | + 32.1 | + 24.1 82 
%..| 38.2] 38.9 +1.3'>4+1.7! 155.6, 114.6 | + 47.8! + 27.0 74 
25... 40.6 | 40.5) +24/41.6| 207.4 141.8| + 51.8) + 27.2 69 
26. 41.2 | 41.9/+ .6|+1.4) 230.3 172.0) + 22.9/| + 30.2 75 
27..; 30.3! 30.3) —10.9| —11.7/ 192.0) 174.3] — 38.3) + 2.3 91 
28.., 28.2] 288) —2.1| —1.4| 134.9 165.3} — 57.1} — 9.0 122 
29... 2.8; 25.9/—1.4!—2.9) 110.4; 152.8) — 24.5! — 12.5 139 
30... 27.2] 27.0| + .4/+11/ 100.7/| 136.0] — 9.7| — 16.8 135 

May 1..|; 36.1 36.6/ +8.9' 49.6! 106.1) 135.6/+ 54 — .4 129 
2... 35.5) 35.0) —0.6 —1.6| 117.1) 156.7|.+ 11.0, + 21.1 135 
3... 33.2) 33.6)/—23)'—1.4) 137.5) 177.0| + 2.4. + 20.3 127 
4... 30.5) 30.9) —2.7' —2.7'| 101.3) 186.1] + 53.8 + 9.1 98 
6... 22.8) 23.5) — 7.7) — 7.4) 170.0| 191.7) — 21.3 + 5.6 113 
6... 24.2) 24.5) +14, 41.0) 147.6; 183.2| — 22.4 — 8.5 124 
7..| 27.7) 27.6) +3.5| + 3.1 126.2] 171.1 | — 21.4) — 12.1 136 
8... 26.2) 266) —1.5 —1.0) 115.3| 157.2) — 10.9 — 13.9 137 
9. 28.3) 284) 4+21'41.8!' 1107! 1448.6) — 46'— 86 135 
10..; 32.2] 31.6) +3.9 43.2) 111.4! 143.6/+ .7;— 5.0 129 
l..) 33.3) 32.6) +1.1, +10) 112.7| 1481) + 1.3/'4 45 131 
12.., 34.2] 34.01 + .9' + 1.4! 196.3| 157.7) + 13.6) + 9.6 126 
13... 41.4) 41.1) + 7.2; + 7.1! 166.1! 181.6) + 39.8 + 23.9 110 
14.. 45.6) 45.2/ +42 +41, 326.0 225.9) +159.9 + 44.3! 69 
15.. 40.8) 40.0|— 48 — 5.2) 660.2) 202.1) +334.2 + 66.2) 44 
16... 41.8) 41.0/+1.0 +1.0, 765.2) 419.0 | +105.0 +1269} 55 
17.. 43.1 | 42.4) +13 + 1.4 839.6) 519.0| + 74.4 +100.0 | 62 
18.. 42.7) 41.7) — .4 — .7) 857.8) 588.5 | + 18.2 + 69.5 | 69 
19.. 35.5| 35.1!/—7.2' —6.6) 665.0| 576.9; —192.8 — 11.6} 87 
20... 34.5) 346) —1.0' — .5| 513.1 | 506.8 | —151.9| — 70.1 ) 


' 


Diurnal variation in streamflow.—The diurnal variation 
in the flow of the two streams has been computed for the 
eight years, July, 1911, to June, 1919, and the results have 
been plotted in figure 21. These curves are both in- 
structive and illuminating—illuminating in that they 
show more clearly than would otherwise be possible the 
response of the streams to the meteorological conditions 
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.; modified by the physical characteristics of the two 
.atersheds. The several monthly variations have been 
-ombined in a seasonal mean, each of which is based on 
approximately 20,000 observations. 

The curve for winter (December, January, and Febru- 
ary) is one of very small amplitude, but a weak response 
to the warm hours of the afternoon can be seén more pro- 
nounced on B than on A and the maximum seems to occur 
at 2 p. m. while on A it is deferred until 5 p. m. 

The curve for spring (March, April, and May) is a com- 
posite made up of March and Aprii, both of which show 
a weaker response to the increased insolation than May, 
the flood month. The dominant feature of the spring or 
flood curve, since all of the floods except the October rain 
floods are comprised within it, is the very wide variation 
of A as compared with B and the fact that the crest of 
the maximum daily discharge of the afternoon is reached 
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Fie. 21. Average diurnal streamflow, A and B 


at 3 p. m. and is sharply defined, whereas the crest of the 
maximum daily discharge on B is not sharply defined and 
is reached at 6 p. m. instead of 3 p.m. Doubtless this is 
due to a greater time being required for concentration of 
run-off on B than on A, as elsewhere stated. 

The summer curves, June, July, and August, for the 
(wo streams are similar in most respects but dissimilar to 
the curves for any of the other seasons in the fact that 
the greatest variation above the mean is found between 
midnight and 9 or 10 a. m.; thereafter there is a very 
decided decrease up to midnight. The maximum posi- 
positive departure for the 24 hours in June occurs from 
midnight to 1 a. m. and is due to the fact that during 
June the streams are declining and the decline in the 
ibsence of precipitation is in direct proportion to the 
‘lapsed time. Accordingly the stage on June 1 at mid- 
iight is generally the highest of the month, and it con- 
inues to recede during the remainder of the month. 
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Another interesting fact which comes out on inspection 
of the summer curves is the decided dip in the curve be- 
ginning about 9 a. m. and reaching a minimum on B at 
| p.m. and on A at the same hour. This dip in the curve 
represents the daily loss due to transpiration and evapo- 
ration, and the loss seems to be greater on B than on A 
for a part of the day at least. 

The autumn curves are quite similar to the winter 
curves, the amplitude of the variations being quite small, 
as might be expected. A exhibits, however, a wider vari- 
ation than B, much as it does during the spring melting 
period. 


STREAMFLOW DATA AND RELATIONS FOR EIGHT YEARS. 


In the following pages there are presented all of the 
streamflow data in statistical form for the eight years 
from October, 1911, to September, 1919. It has already 
been explained that prior to about August 1, 1911, the 
streamflow measurements were inaccurate to be 
depended upon. The denudation of watershed B began 
about July 1, 1919. Hence it may be assumed that dur- 
ing the months of July, August, and September the stream- 
flow from that watershed, on minutest inspection, would 
be found to be somewhat affected. For this reason the 
data for these three months will not be presented, except 
in the summary of relations for whole years, being neces- 
sary to complete the year, which begins October 1, 1918. 
On examination it will be seen that the insertion of this 
last year has practically no effect on the mean values for 
precipitation or run-off, the year being in itself more 
nearly “normal” than any other. 

Owing to the fact that diagrams lettered A to L, in- 
clusive, are based upon but eight years’ observations 
all that are available—it is understood that there may be 
some uncertainty in the results drawn from those por- 
tions of the said diagrams that are confessedly based on 
insufficient data. In case the limits of the data of rain- 
fall and run-off for watershed A do not fall within the 
limits of the diagrams or fall upon a portion of the said 
diagrams that is. based on insufficient data, the most 
probable value sought will of course have to be deter- 
mined in such other way as may appear most logical. 

After considering the yearly averages, the various 
the order mentioned at the 


too 


seasons are discussed in 
beginning of this chapter. 

In all of the following calculations, where it has seemed 
desirable to transpose the original rates of stream dis- 
charge into cubic feet per acre or inches over either 
watershed, the following transposition factors have been 
used: 

\ B 

388.3 431.1 
_ 1/3, 630 1/3,630 
0. 1070 0. 1188 


1 C. F. 8. equals cubic feet per acre-day. - . 
| C. F. per acre equals inches over watershed... .... 
1 C. F. 8. equals inches over watershed per day 


Relations of the streams for whole years.-The precipi- 
tation and run-off data for the eight years ending Sep- 
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tember 30, 1919, are given in Table 36, together with 
calculations showing the relation of total run-off of each 
watershed to precipitation. 

On the mean amounts of precipitation for the two 
watersheds for eight years are almost the same, but in 
individual years they show considerable variation. This 
raises the question as to whether one watershed may 
actually receive more precipitation than the other, or 
whether the differences noted are due solely or largely to 


peculiarities of gage-catch. No doubt in some summer 


rains, which in mountainous regions are often very 
local in character, one watershed may receive more 


precipitation than the other, and for the whole year 
1912-13 it is evidenced by both the precipitation and 
streamflow records that watershed B must have received 
appreciably more than watershed A. In the case of 
winter snowfall, however, since the storms often last for 
many hours, there is practically no opportunity for differ- 
ences in the actual fall of the two areas. Yet the winter 
months show fully as great variations in catch as do the 
summer months. The conclusion is obvious that differ- 
ences between the two areas in matters of precipitation 
are more apparent than real. 

In view of these facts, it seems more desirable, as well 
as simpler, to base all comparisons of streamflow and 
precipitation on the precipitation of A watershed alone. 
It might be argued that the average of the two would be 
even better. The answer is that while discrepancies 
between the two have, in the past, pretty well evened 
up over a long period, still there.is no assurance, now 
that watershed B is denuded, that a catch can be ob- 
tained, with the greater exposure of gages to the wind, 
at all comparable to that obtained on A. 

The use of the single record can not be seriously 
objected to when it is considered that at the lower end 
of watershed A there is the choice of the better catch of 
two gages, and this value is averaged with the catch of 
a third gage at the head of the watershed. 


a 


TABLE 36.—Precipitation and run-off for years beginning Oct. 1. 


| Proportion 
of precipi- 
tation ap- 
pearing as 


Precipitation (inches | Run-off (inches over water- 
over watershed). shed), 


run-ott, 
Year B/A 
ear. RiPa 
For the year. For the year. ; R/ Pa. 
’ . Differ- : Differ- Ratio 
ence ene 7 
{ p, B-A.| 4. | p, B-4. A. |B. 
i911-12.. 21.30 21.49 +0.19 8.368) 8.367 —0.001 1.000! 0.393! 0.393; 0.607 
SORS-EB. « os 18. 63 19. 66 +1.03 4.778 5.213 + .435 1.091 . 256 . 280, . 834 
1913-14... 22.64 21.84 80 5,629) 5.551. — .078, .986| .249 .245| 737 
1914-15. 19.97, 19.85 12; 5.354) 5.405 + .051 1.011) .268 .271 743 
1915-16... 22.71| 23.13) + .42) 5.5061 5.553 — .043° .992) .246 .245 746 
1916-17.....| 22.88 22.78 10 9.644, 9.839 + .195 1.020) .422 .430 598 
1917-18. 18.90 18.85 05! 3.196} 3.531 + .335 1.105] .169 .187 936 
1918-19. 21.13, 21.15, + .02. 6.081] 5 968 113.981} .288 .282 . 693 
Means., 21.02 21.09 + .07 6.081] 6.178 + .098 1.023) .2864 .2916)...... 
Sum 168.16 168.75 + .59 48.646) 49.427, + 


781, 8.186) 2,291 2.333). 222. 
| 
The following points with reference to the data of 
Table 36 are noteworthy: 
1. The precipitation is unusually uniform from year 


to year. 


2. The amount of water discharged by stream A varies 
greatly from year to year, and may be from 17 to 42 per 
cent of the precipitation. 

3. The amount of water discharged by stream B is, 
on the whole, about 2 per cent greater than that for 
stream A. This immediately suggests that evaporation 
must be the less on B, either by reason of the cover condi- 
tions or because B has a deeper and better storage reser- 
voir, or both. 

4. On closer examination (see diagram A) it is seen 
that the ratio of B to A total discharge is highest in the 
years when, either because of relatively low precipitation 
or other causes, the total streamflow is least. In the 
case of the year 1912-13 it is probable that the very high 
ratio B/A is due in part to an actual excess of precipita- 
tion on B, and some allowance should be made for this. 

The relation of the two streams approaches unity only 
in years whose precipitation and evaporation tendencies 
are about normal. On the other hand, B streamflow 
again tends to become greater than that of A when the 
total amount discharged by either is unusually great. 
The two years exhibiting this are 1911-12 and 1916-17. 
In the former there was a heavy spring flood, as well as 
a very considerable discharge from October rains. In 
the second case the flood was unusually large, comprising 
over 70 per cent of the total run-off for the year. 

In such cases it is evident the storage facilities of both 
watersheds may be filled to capacity, and watershed B, 
being able to deliver a larger amount of water for stream- 
flow in a given time, naturally makes the better showing. 

Although these relations of the two streams do not 
express themselves as a simple curve, they are so simple 
that the acceptability of the relations as shown by 
diagram A can hardly be questioned. On the other hand, 
the true curve for the data represented by diagram A is 
almost impossible to draw. It has, therefore, been sought 
to express the causes of variation in the ratio B/A, as 
described above, by introducing another element. The 
two years of greatest stream discharge were also the two 
years in which the ratios of discharge to precipitation 
were highest, while the other extreme of the diagram 
represents a year in which the relative amount of stream- 
flow was excessively low. It is, therefore, suggested that 
the amount of run-off relative to precipitation has a 
direct bearing on the relation of the two streams for whole 
years. Whenever the streamflow is relatively high (or 
the evaporation a relatively small percentage of the 
whole disposal), then the ratio of B to A discharge will 
be heightened. 

In the last column of Table 36 the data for diagram 
AA have been worked out. The abscisse are obtained 
by deducting from the ratio B/A the ratio, in correspond- 
ing terms, between the run-off and precipitation of 
watershed A. The ordinates are, as in diagram A, the 
run-off in inches of watershed A. The curve might be 
made straighter, and the relations more fully expressed 
by making an even greater allowance for large or smal! 
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Fic. 22. Average weekly streamflow, A and B. 


ratio P/R (say one and one-half times), but the use of the 
straight term P/R brings the data within the range of 
easy handling. 

The relations may be summarized for reference in the 
future, as follows: 


RULE & Bet wee n the extremes of 18 and 23 inches of precipitation, and 
and 10 inches of discharge from Watershed A, it is recognized that the 
ratio of annual discharges, B!A, should never be greater than 1.11 nor less 
than 0.98, with a mean value of 1.02. The ratio is slightly less than 1.01 
only when there is about a normal balance between streamflow and precipi 
tation, represented by 5 or 6 inches for the former and 20 to 22 inches for the 
latter, and increases either when precipitation and run-off are low, or run- 
off is very great, due to large volumes in flood. To compute the most prob 
ible flow of B, relative to A, for conditions existing prior to denudation, 
r any year beginning October 1 and ending September 80, the total flow. 
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result from including the flow of October, 1911 
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of A will he taken as the guiding condition, un accordance with diagram AA 
To the ratio indicated on diagram AA, for a given discharge of A in inches 


over watershed, will be added an amount, 


é cpressed 


in similar terms, 


senting the ratio of A run-off to A precipitation for the year. 
will be the probable ratio of B discharge to A discharge, when both are ez- 


pressed in inches over the 


~ 


» watershed. 


repre 


The sum 


(For example, if A discharge is 
7 inches, and the annual precipitation 20 inches, the indicated ratio ¢s 


0.641, and to this must be added seven-twentieths or 0.850, which gives thi 


ratio B/A of 0.991.) 
per cent of the final result. 
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The probable error in this method is less than 0.5 
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Relations of the streams in the spring flood.—As is shown 
by figure 22, which gives the average stream discharges 
by 14-day periods for 1911 to 1917, the rise of the spring 
flood usually begins in the latter part of March, and the 
heaviest discharge is usually recorded in the second 
decade of May. There is a tendency, in spite of variable 
weather and different amounts of snow, for the culmina- 
tion of influences to be reached about that time. 

In spite of the fact that successive floods show similar 
characteristics, especially in the general shapes of the 
A and B curves, it has been found impossible to establish 
any fixed relations between the rates of discharge of the 
two streams at intermediate stages in the flood. While, 
as has been stated, stream B lags behind stream A 
during any rise, the flood as a whole is made up of so 
many rises and recessions that this relationship usually 
becomes very complicated before the crest on either 
stream is reached. 

Beginning of the food.—-In Table 37 are presented the 
data bearing upon the relations of the two streams at 
the beginning of the spring flood. The initial date of 
the flood is taken to be the first day on which the dis- 
charge rate of stream A exceeds 0.100 C. F. S. Not 
infrequently, after a melting period which will produce 
such a discharge, there occurs colder weather in which 
the rate for stream A may again fall to 0.100 C. F. S. 
or less. As neither stream, during the period up to the 
final rise, is making any net gain, it naturally follows 
that the relationships during such periods are not those 
based on the inherent lag of stream B. The latter may 
have opportunity to overtake stream A before the final 
and more rapid rise begins. Consequently, it is thought 
best to consider this period of uncertain or slow melting 
as a separate stage, even though the volumes of water 
involved may be very small in comparison with the 
whole flood volumes. 

; 


‘TABLE 37.—Conditions at beginning of flood. 


Discharges on initial date. 


, Initial —_—— 
Year. | 


date. a’. FF. Inches ©. W. 
A B A B Ratio. 
1912 Sesebicae rit Mar. 6 0. 102 0. 091 0. 0109 0. OLOS 0.991 
1913.. vebaes pian einae Apr. 29 - 106 . 094 -O113 O11 . 983 
1914..... ae ; sect aes - 109 113 .O116 . 0135 1.155 
1915... bob oa sans esa 101 . 098 | - OLOS -O1LT 1. O82 
1916... sodsadveesy see . 108 . 096 O11 O15 89 
1917 me wees Se -119 . 092 . 6127 . 0109 . 860 
1918 atten ohne Apr. 23 . 108 . 092 OWLS . O1L0 . 95S 
1919.. aon & Ri Apr. 4 107 . 14 | O14 O12 .o78 
Averages. .... Mar. 30 1075 .0962 | 01148 |. 01146 1.000 
— _ ~— Discharge on and after 
Veriod of uncertain melting. highest dav. 
Year Initial Total volume. : Amount 
eal date Num-|  cor- 
Final . ber | rected ! 
date Amount. of for 
B Ratio. days.| number 
of days. 
ne Mar. 6 Apr. 2. 0.2822. 0.3082 1.092 0. 0852 8 0.0212 
1913 OE GD: cecccsviGosvheni dipsaneqetie evi tunel dosha eleceabeiewtaaeess 
| aa Rly Wits des os ocpslann ting wisn seheetedendessieck tetas catia cecil 
ere ee Ne el . 0532 -O748 1.183 . 0425 4 . O105 
ee Mar. 10 Apr. 7) .3753  .3878 1.083 . 2248 18 . 0808 
ST -nccéweveens Mar. 29/| Apr. 8 . 1021 -1155 «1.181 . 1021 11 | -OU1 
Re eg Ee) PAGE bbe iS eth ak Pee eS et ES ae 
SPeRtenvecevent Apr. 4) Apr. 11 -O841 | .O911 1.082 0727 7| = .0167 


Averages..... See. UP tewatabesed istiutiwns blewetnbon Cee Gus ocbdtpalacead iss dys 


' Reduce amount 0.008 for each day, including and following highest day of period. 


Table 37 indicates, only the initial rises due to sno\ 
melting being considered, that there is only slight varia - 
tion in the ratios B/A for the initial day, and that on the 
average the relation of the two streams is expressed } 
unity. On plotting the ratios, however, in relation t» 
the height attained by stream A on this initial day, it is 
found that there is a fairly consistent relationship. It 
is probable that the relationship is controlled by the 
rate of rise rather than the head attained by stream \, 
but we have been unable to find a key which exactly 
fits the situation. 

It is also to be noted that in every listed period follow- 
ing the initial dates, when the streams fell back, the dis- 
charge of B exceeded that of A by an amount not varying 
greatly from 10 per cent. It is practically certain that 
the relations during such a period depend largely on the 
opportunity given for stream B to overtake and exceed 
stream A in delivery. The longer the period after A 
has reached the highest point, the greater should be the 
ratio B/A. But this ratio will tend to be lowered, other 
things being equal, if stream A has reached a relatively) 
high point and discharges a relativety large volume 
thereafter. The most consistent relationship is found, 
then, by plotting the ratios B/A for the whole period 
against the volume discharge of A, with a minus correc- 
tion for each day elapsed from the highest day to the 
end of this period of uncertain or suspended melting. 

The relations at the beginning of the flood period may 
be formulated as follows: 

Rute 2. The ratio of B discharge in inches over watershed to the similar 
discharge for A on the first day of the spring rise in which stream A shows 
a rate of more than 0.100 C. F. 8. is on the average 1.00, but may vary in 
different years by plus or minus 15 per cent. To determine the supposi 
tional ratio after denudation, reference will be made to the discharge o/ 
stream A in C. F. S., and the corresponding value will be read from 
diagram B. 

Rue 2a. In the event that the discharge rate of stream A, after the 
initial date of the flood, should again fall to or below 0.100 C. F. S., the 
ordinary relationship of the two streams in the early rise, with A leading B, 
may be reversed, so that on the average B will discharge about 10 per cent 
more for the whole of such a period. To determine the suppositional 
ratio B/A for such a period, from the initial day to the day next preceding the 
final rise above 0.100 C. F. 8. (both dates included) in inches over water- 
sheds, reference will be made to the discharge of stream A for that portion 
of the period beginning with the day of greatest discharge. The computed 
flow of A in inches over watershed will be reduced 0.008 inch for each 
day of the period including and following the crest day. The value thus 
obtained will be referred to diagram BB, from which the ratio B/A for 
the whole period may be obtained. 

End of the flood.—The relations existing between the 
two streams at the end of the flood are important, not 
only in allocating the volume which has been discharged 
but also because this relation is reflected throughout the 
summer period. 

The end of the flood is taken to be the last day on 
which stream A has a discharge of 0.150 C. F. S. or more. 
Should such a discharge occur after a dip below 0.15), 
it would be allocated to the summer period. One exce- 
tion has been made in order to give some semblance » 
character to the very small flood of 1918. Here the ere -t 
day showed a rate of only 0.157 C. F. S. for A, the follow - 
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STREAMFLOW EXPERIMENT AT 

g day 0.148, and the third day 0.151. The last was 
‘iken as the closing day of the flood. 

In general, the relation, between the streams at the 

rbitrary date is seen to be controlled by the extent to 

which watershed B has had opportunity to exercise its 
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ability to drain out the surcharge of water from snow 
melting more rapidly than watershed A. The extent to 
which this has occurred and the extent of depression of 
the ratio B/A would, naturally, depend very largely on the 
length of the draining-out period. On trial, however, 
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is found better to express this period in volumes 
ischarged rather than in days. 

There are four conceivable and rather distinct sets of 
mditions which produce the relation at the end of the 


od: 
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1. If the flood is exceptionally small, as in 1918, the 
end of the flood as determined by A discharge rate may 
occur before stream B has crested, in which event the 
relation would be a low ratio B/A due to the lag of B 
during any considerable rise. 

2. If the end should occur while B is at or near its 
crest, the ratio might be higher than unity. 

3. From this point on, greater flood volumes will tend 
to produce lower and lower ratios B/A at the end, by 
allowing B greater opportunity to drain out, providing 
only that the melting of snow is fairly continuous, and 
produces a sharply conical flood crest on stream A. 

4. In the event of suspended melting at about the 
time when stream A has crested (as a result of daily and 
hourly temperature distribution as affecting snow melting 
on the two watersheds), there may be a secondary crest 
on A, a relatively large volume discharged after the 
primary crest, a much belated and high crest on B, and 
consequently a high ratio B/A maintained to the end of 
the flood. Naturally, this is more likely to occur in 
years when there is a large volume of snow to be melted, 
so that in extension of the remarks under the preceding 
paragraph there is still a possibility of an increasing 
ratio B/A with floods of large volume. 

The preceding conditions become less confusing and 
less conflicting in their actual effects if, instead of con- 
sidering the volume discharged by A as the measure of 
the opportunity for B to drain out and reach a low 
position, we consider rather the proportionate discharge 
of A before and after its crest. The greater the amount 
discharged by A before its crest the greater will be the 
accumulated lag of stream B, so that the latter may have 
a considerable rise to make before it can subside to a 
subordinate position. Therefore a more logical relation 
is found between the streams in different years if the 
opportunity for B’s subsidence, as expressed by A 
volume after its crest, is compared with the opportunity 
for B’s delay as expressed byethe volume of A before crest. 

In general, B holds its highest position at the end of 
the flood when the rise and fall of A are about symmet- 
rical, being influenced neither by any great amount of 
belated melting nor by precipitation after the crest. 
This condition is expressed by approximately a unity 
A discharge after crest. 

A discharge before crest. 

The ratio B/A at end of flood then steadily decreases 
if greater opportunity is given for B to drain out, as shown 
by a relatively large A volume after crest. 
continues until the ratio of A volume after crest to that 
before crest is about 2:1. Beyond this point, as repre- 
sented by the years 1917 and 1913, with their flattened 
flood-crests for stream A, the ratio B/A at end of flood 
must again rise. Such a flattened crest on A is certain 
to mean belated melting, which in effect eliminates the 
opportunity for B to overtake and drain out in advance 
of A. 


ratio, 


This decrease 
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In addition to the above-mentioned influences on the 
relative positions of the two streams at the end of the 
flood, the amount of precipitation occurring during the 
period of decline of both streams must have its effect. 
Precipitation, especially toward the end of the flood 
period, tends. to increase the ration B/A, This is espe- 
cially noticeable in the graph for the year 1913, when, 
but for continuous rains, the flood would have ended 
nearly a month sooner, and with a ratio B/A of. about 
i: 1, in spite of the heavy flow after A crest. It is also 
noticeable in 1912, when there was considerable rain near 
the end of the flood. That falling earlier is, apparently, 
united with the water from melting snow, and merely 
increases the volume of flow after the crest. That falling 
late probably reaches the streams directly and has an 
independent effect. 

Various methods of correcting for this rain factor sug- 
gest themselves, and a number have been carefully gone 
into. The objection to-any direct use of the precipita- 
tion record is that the influence of rain is so variable, 
according to continuity, dryness of the ground at the 
time, and other conditions. It seems best, therefore, 
to estimate the possible effect of rain on the final ratio 
3/A, by noting its effect first on the flow of A. The last 
one-third of the period of deeline for stream A has been 
chosen as the period in which the influence of rain is most 
likely to be felt. It is not suggested that earlier rain 
has no influence, but whatever that influence is, it is 
likely to be obscured by the later conditions. 

The rate of decline of stream A in this last-third period 
affords the best index of the effectiveness of rain. As a 
basis of comparison, the daily rate of decline for dis- 
charges from 0.150 to 0.400 C. F. S., in perieds not influ- 
enced by rain has been computed. These. rates are, of 
course, influenced by cloudiness, evaporation, ete., and 
vary a good deal from day to day. Using the mean 
curve, it is possible to figure up from the rate of 0.150 
C. F. S. by adding the daily changes, and.to show quite 
closely what the rate of discharge would have been 15, 
20, or 25 days before the rate of 0.150 C. F. S. was reached, 
if uninfluenced by rain. Thus, in the last 20 days of a 
flood, the ‘‘nermal’’ decline would be from a head of 
(:268 to a head of 0.150 C. F. S., or a change of 0.118 C. 
F. S. 

To such a figure as the last, varying according to the 
length of the period, may be compared the actual decline 
of any given year. As example, the decline in 1912, for 
the last 20 days, was 0.074 C. F. S., which, compared 
with a “normal” of 0.118 C. F. S., gives the ratio 0.626 
as expressing the influence of precipitation on the dis- 
charge of A. The smaller this decimal, or the greater 
the effectiveness of the precipitation, the higher the ratio 
B/A at the end of the flood may be expected to be. It 
has been found by trial that the influence of precipitation 
on stream B is about one-seventh more than its influ- 
ence on A, at this season. 


TABLE 38.—Conditions at end of flood and other conditions relating there: 
(1) @) | @) | (4) 6) | @® | @ (8) 
Discharges at end of flood. Ratio A 
ie . dischar g: 
day after 
Year. 0.150 | Last day, C. F. 8. Last 3 days, O. W.! foot oe 
Cc. F. 8. on 
or more. and be- 
Ratio Boe 
PST. 
A B A B B/A e 
| . Inches. | 
SE July 19 0. 156 0. 125 0.0491 0. 0443 0. 903 1.033 
ee June 28 - 157 - 165 . 0486 - 0578 1. 188 4. 420 
RRS July 5 - 154 -114 | - 0502 . 0406 . 808 2.011 
Se ee July 4 - 150 -112 . 0480 . 0402 . 837 1. 227 
ae June 22 -151 - 116 . 0492 - 0417 . 850 0. 918 
DE sony dee Aug. 2 - 152 -110 | . 0486 . 0390 . 804 2. 504 
Se. May 8 -151 .102 . 0479 . 0364 . 761 0. 158 


SOUP secewscces July 5 - 150 - 105 | - 0489 . 0380 +777 2. 061 


(9) (10) (11) (12) (13) (14) (15) 


Conditions relative to rate of fall of A, last third. 


Last 
day De- Full , 1 
, 2 Ratio 2 Cor- 
Year. 0.150 crease 4; rate 4 Sum 
C.F. 8. | indis-| Num; | de-  Sctual| Ratio ai- | Tected 
ormore. | charge gay, | Crease “qo. | Plus6. vided (5). 
C. *'s ; oad crease. by?. umn 
Pe July 19, 0.074 20, O.118 0.626 6.626 0.2466 0. 855 
See June 28; .016 24 - 162 099 6.099 .8713 1.035 
i ietscas cakaed July 5 . 064 18 . 099 . 647 6. 647 . 9496 . 767 
AE July 4 -077 15 -076 1.013 7.013 1.0019 . 839 
an June 22 . 073 14 -069 1.058) 7.058 1.0083 . 857 
_ oe Aug. 2 -101 25 -175 577 6. 577 - 9396 . 755 
i Te July 5 . 083 20 - 118 -703 | 6.703  .9576 . 744 


' To avoid possible marked effects of rain on the last day, use the sum for three days 
including one before and one after the final day. 

Rute 3.—To determine the suppositional ratio B/A for the last day of 
the spring flood, when stream A has a discharge rate of 0.150 C. F. 8. 01 
slightly more, first compute the volume discharged by stream A up to and 
ineluding the crest day for A, and the volume after the crest day and includ- 
ing the last day, and express the latter volume as a function of the former. 
By reference to diagram C, the approximate ratio may then be determined. 
The ratio indicated by the graph must, however, be corrected according to 
the extent to which the decline of stream A, in the last third of its declining 
period, has been influenced by precipitation. From the rate of discharge 
a given number of days before the end, subtract the rate on the last day; 
divide this quantity by the normal amount of decline for the given number of 
days as indicated by the table below; to the quotient add 6 whole units, 
and divide the sum by 7. This quantity, usually a little less than unity, 
will be divided into the ratio indicated by the graph, to obtain the true 
ratio for the last day of the flood. 
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TABLE 39.— Normal rate of decline. 


[Days before end of flood.]} 


Number Decline Number Decline Number Decline Number Decline 
days.| (C. F.8.). | ofdays.| (C. F.S.). | ofdays. (C. F.8.). ofdays.| (C. F. 8.) 
} 
! pur Gee: © Oicocevs 0.080 | 17...... 0.001 || 24...... 0. 162 
2 owen ah 044 || 18...... 009 || 25...... 175 
3 vole » @ 3: See -050 || 19...... Pe 29 Re Sere 
4 aie . 27S oe 056 | 20...... fp eh SR See oe 
ae. OO) BBS. ccc 062 || 2h...... SR Tl iiss nd< laivetecds d 
6 aad sGe ll BBcbdace 069 || 22...... > 2 > se ee 
-_* OD 7 16. ..... O76 1) ...... yg See, 3? Pee ee . 
8 edies ~ 3) . 083 


The crest of the jlood.—Both the relative time of the 
crests on the two streams and their relative heights will 
be found of importance in allocating the discharge dur- 
ing the flood period. Two relations stand out clearly 
in all of the records: 

1. The crest on B always comes later than the crest on 
A. This is, apparently, due to slower melting on B 
than on A, for, if melting is suspended when stream A 
has reached a high point, but while there is considerable 
snow remaining, the later use of B is more marked than 
that of A, and, in consequence, the highest day for B may 
he many days later than that for A. 

Normally—that is, when melting goes on continuously 
and the crest on A is sharp and well-defined—the crest 
on B follows within a day or two, the lag resulting from 
slower melting on B being almost balanced by its ability 
to make quicker delivery of the water. 

2. The crest on B is higher than that on A unless ma- 
terially delayed. This usually stands out more markedly 
in the decade averages than in daily amounts, because 
the large volume is better sustained in the case of B. 

{In further evidence of the first point, we may safely 
say that the crest on B will not be delayed more than 
two or three days after the highest day for A, unless, on 
the latter date, there is sufficient snow unmelted to pro- 
duce an appreciable, secondary rise on A. The crest 
on B will usually follow this secondary rise within a day 
or two. This is illustrated in Table 40,” the crest on B 
not coming until 13 days after the last rise of A. Be- 
cause of this, it is not deemed best to calculate the time of 
8 crest from these data. 


TaBLE 40.—Data relating to time of B crest. 


Crest on A. Secondary rise on A. 


Delay in 
Year. Amount B crest 
Rate ‘ Rate Number ofcome- (days). 

Date. (¢.F.s.).| Pate. (Cc. F.8.).| ofdays. back , 

(inches). 

May 20 3 Rte Peers pre oe 0 2 
Apr. 16 -379 | May 1 0. 337 15 . 088 26 
May il .680 | May 15 . 649 4 . 034 5 
May 19 rt eee oe es OP cee 0 0 1 
May ll RUD Enksondaseuhdes< shakin 0 0 3 
May 18 2.206 | June 4 1, 529 17 . 328 19 
May 6 -157 | May 20 - U8 14 . 000 15-16 
May 6 -893 | May 15 . 682 9 . 043 1} 


The year 1913, which was peculiar in many respects, is a marked exception to the 


In Table 41 and diagrams D, DD, and DDD are pre- 
sented the more important data bearing (1) on the ratio 
B/A on the crest day for A, (2) on the time inverval be- 
tween A and B crests, and (3) on the relative height of 
the B crest. 

Regarding (1): 

Diagram D shows quite clearly that the relative height 
of Stream B on the crest day for A depends largely on 
the proportion of the whole flood that has been discharged 
up to that time. 

B will be practically as high as A if the melting has 
been quite regular and the crest is reached promptly, and 
is followed by a similar regular decline, or, in other words, 
if about half the volume has been discharged by crest day. 

B will be in a low ratio to A if the rise shortly before 
the crest has been unusually rapid, leaving more than 
half the flood to be discharged. 

The relative position of B may, again, be low if more 
than half the volume has been discharged by crest day, 
because of slow melting before A crest. In 1918 the rel- 
atively large volume before the crest is partly the result 
of choosing a higher discharge rate for the end than for 
the beginning of flood calculations. This difference, of 
course, is not so important when the volume is large. 

Regarding (2): 

The time interval between A and B crests is, again, 
seen to be related to the proportion of the whole flood 
that has been discharged before A crest. 
corollary of what has just been said—-the higher the ratio 
B/A on the crest day for A, the less the time that must 
elapse before B reaches its crest. 
tion of this point seems necessary. 

Regarding (3): 

The exact height reached by B at its crest, relative to 
the A crest, is readily seen to be dependent on temporary 
melting conditions as well as those conditions which have 
brought B to a certain point at the time when A crests. 
[t will depend not only on the rate of melting, but upon 
the amount of snow remaining to be melted. After many 
futile efforts to determine the height of the B crest di- 
rectly, on the basis of conditions similar to those which 
seem to determine the height of B when A crests, it has 
been decided that the cresting of Stream A really repre- 
sents a culmination of infiuences for both streams, and 
we must, therefore, predicate the height of the B crest 
upon the height which this stream has reached at the A 
crest, together with a measure of the amount of influence 
that may yet be felt by B from late-melting snow, or 
possibly new precipitation, during the interval between 
the two crests. This is best measured by the behavior 
of Stream A. We may readily assume that if the latter 
is not appreciably influenced by either melting snow or 
new precipitation, it will decline from its crest in such a 
manner as to form a very regular curve, each day’s flow 
being a function of that of the day before. Thus, if the 


It is a logical 


No further explana- 
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rate declined 10 per cent each day, the constant function 
K could be expressed by K=0.90. The aggregate flow 
for any number of days following the crest, whose rate 
we may express by H, might be expressed by 
Le=HK+HKK+HKKEK, ete. 

This is merely a suggestion as to the nature of the de- 
cline. The summation of daily quantities may actually 
best be expressed as a function of the crest height and 
the time or >=H x T*®, 

If the flow of A is actually high, during the early declin- 
ing period, relative to this calculated flow, we may expect 
that B will have an opportunity to gain considerably 
over its height on the crest day for A. Such a calcula- 
tion permits us to compute the crest height of B very 
closely, except for such a year as 1918, but, it must be 
remembered, the calculation is based on two values 
which can not be directly read, namely, the height of B 
on A crest day, and the time elapsing between crests. 


TABLE 41.—Relation of streams at A crest and relative time and height of 


B crest 
Crest day on A. 
Year. Date. A rate. Percent- 
B rate Ratio age A 

inches B/A this flood dis- 

C.F.S Inches (O.W.) date. charged 

ps O.W. to date. 
ee ¥- .- May 20 1.642 0. 1757 0. 1734 0. OSS 49.2 
. hiimo aingiekot . 379 - 0405 . 0182 . 48 18. 4 
5. See May 11 . 680 . 0728 . 0551 . 758 33. 2 
ee . 751 . 0804 . OR01 . 997 44.9 
1916.... renkaan ocecl may Bt - 906 . 0971 . 0866 . 892 52.2 
Raa Ue 2. 206 . 2362 - 1620 - 686 28. 5 
1918... Goeacssveeel Sa) oa . 157 . 0168 O17 . 697 86.4 
ey 0 ap eee ee May 6 . 893 . 0957 - 0724 - 756 32.7 
APOE. 66<0%005< 3 SE BB ication: ahlewdatadedindewetdectetniet lecendavia 

Crest day on B. . ati 

yo Ac tual A crest Ratio 

is- rate |, 2¢t - 
. ae Ratio | Charge ,;.. to theo- 

Year. Time B rate. to rate Asince “a retical 

Date, | Since A on A | crest | Lower Bow of 

sree . pg | Inches) crest (inehes | oF days, 4 after 

days). C.F. O.W.| dav. 0. W.) “"* crest. 

1912. ae May 22 2 1.966 | 0.2336 | 1.348 0.3308 0.3059 1. O81 
1913........:....-) May 12 26 . 339 . 0403 2. 215 . 8050 . JABS 1. 468 
| ees Se 5 723 . O861 1, 564 . 3367 . 2634 1, 278 
1915..............| May 20 1 681 .O811 | 1.013 | .0758  . 0804 - 943 
Scie cere tudeel Mn. oe 3 -948  .1127 | 1.301 | .2586 .2339 1,105 
LTE cocce| Cane 6 19 1.692 .2011 1.242 | 2.6706 | 2. 4895 1. 074 
1918..............| May 21-22) 15-16 -HoO. .OLs1 1.120 .2142 . 1505 1,425 
PONE n668 6 ct ceentws May 17 | 11 - 948 - 1127 1, 557 . 8320 . 6518 1. 278 


STREAMFLOW DIAGRAM D 
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Rue 4. To determine the suppositional period elapsing between th 
crests of streams A and B, calculate the total amount discharged by Strear 
A in its flood and the percentage of this discharged up to and including thr 
crest day. By reference to diagram DI) the probable time between A and }3 
crests may be read directly. 

Rue 5. To determine the probable ratio B/A, in inches over watershed 
on the crest day for A, follow the same procedure as in Rule 4, referring the 
discharge percentage to diagram D. 

Rute 6. To determine the suppositional height of the crest on B in relu- 
tion to the height of B on the crest day for A (as determined by rule 5), 
multiply the discharge rate of A on its crest day, by the 4/5 power of the 
number of days elapsing between crests (as determined by rule 4), and divide 
this quantity into the actual discharge of A for the days following the A 
crest and including the day of the B crest. The height of B crest, relativ« 
to its height on A crest day, will be relatively great if this actual flow of A 
is large in proportion to the head reached by A and the time interval, as 
shown by diagram DDD. 


Volumes discharged in flood.—In the preceding discus- 
sions we have merely been attempting to show the rela- 
tive heights of the two streams at various critical periods, 
in order that the suppositional flood volume of B, under 
any conditions occurring in the future, might be properly 
allocated as to time. So far as this is possible, it permits 
the dividing of the flood into any number of subperiods’ 
as might be desirable, if, as in 1917, the flood period 
should be extended to the first of August. It is realized 
that the temporary relationships on which such alloca- 
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i: n must be based are subject to variations which can 
|, rdly be anticipated, vet it is believed that these will be 
«relatively small magnitude, and considering that allsuch 
{: nporary volumeas may becomputed for B will be subject 
t the check against total dischargesduring the flood period, 
tl.ere is left practically no opportunity for serious error. 

\t first glance the total volumes discharged by the two 
streams seem to stand in very simple relationships, with 
one or two insignificant exceptions, asshown by diagram E 

The total volumes, from the first rise above 0.100 C.F.S 
to the final dip to 0.150 C. F. S., stand in almost a 
straight-line relationship, being equal when the flood dis- 
charge is 7 inches and only slightiy greater for A than for 
B at lower values. The year 1913 is the only important 
exception, the flood being maintained by considerable 
precipitation for an unusually long period, considering 
the height of the crest. The crest date was also very 
early, leaving much snow unmelted at that time. 

On closer examination it is found that the ratios be- 
tween total volumes in the flood are subject to the same 
conditions as those which fix the ratios of the two streams 
at cresting time. Strange it seems, however, that a sharp 
crest and an evenly balanced flood which produce the 
highest ratio B/A at the crest, give us the lowest relative 
discharge of B for the whole flood. The one fact is not 
the cause of the other, but both are probably the result of 
rather late and rapid warm-weather melting. 

Diagram EE shows that this method of computing rela- 
tive flood volumes may aid greatly in obtaining a precise 
value, though the course of the curve beyond the line 
of 50 per cent is entirely problematical. 

The relative volumes discharged up to the time of the 
crest on A are also very regular, but it must be noted that 
during this first half of the flood A always has the advan- 
tage, by one-third for small volumes and decreasing to 
about one-seventh for the highest volumes. 

As has been pointed out, the crest on A seems to repre- 
sent a culmination of the ‘conditions which tend to keep 
the two streams in a steady relationship. As a result, 
the relative volumes computed up to the time of the B 
crest are not so regular. Generally, in the interval be- 
tween crests, B discharges more than A, tending to bri ing 
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the volume ratio, up to B crest, more nearly 1:1. It is 
not suggested that this control be used in future compila- 
tions, except when the B crest is long delayed and there 
is a considerable volume involved which can noi be 
readily allocated according to Rules 4, 5, and 6. The 
data relating to flood volumes are given in Table 42 and 


diagrams E, EE, EEE, EEEE. 
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TABLE 42.—Summary of flood volumes. existing during the flood than by current conditions. 
. In other words, the summer period must be considered 
Critical dates. | Amttnso we =©6- an extension of the flood period. 
wom’ tabbed ees — | og ee ad Plotting the values by months, it is seen that imme- 


First. Last. Highest, || — After C. Total. diately following the flood, the ratio B/A generally 
declines, that is, B declines somewhat more rapidly than 
5782 | 5.07 A, as it did during the last stages of the flood. After 





1912.......-., A......| Mar. 6 July 19| May 20/ 136 | 2.4947 | 2. 
RR Pea Be tofu May 22|........ 2.1302 | 2. 8586 | 4. 9888 : : 
1913.........) All...) Mar. 29 | June 28"! Apr. 16 |” 9i |“: 4060 | 1.7930 | 2190 about August 1, however, there is generally an increase 
EE ee OT eee ae - 2460 | 2.0130 | 2.2770 . . : ° ° 
$004.5i000. PRA Apr. 5 July 5 May 11/91 | [9971 | 2.0061 3.0082 ©=s in this ratio, which tends to approach unity about Octo- 
SR ee Epa eee ge hee - 7652 | 2.1545 | 2.9197 : 
115... 0.000. ALLL Apr 92") July 4) May 19 |"""""83") 1.2093 | 1.5881 | 2:87 ber 1. Table 43 gives the general data for the summer 
— ee eee See: BO t, cccimed 1.1311 | 1.6363 | 2.7674 ° 4 
ai... A‘..... Mar. 10° June 22°} May 11 |”"i04"| 1.6484 | 1.5131 | 3.1615 — period. 
ESE Ine - Saas May 14 pdecnmedl 1.3777 | 1.7324 | 3.1101 " . ‘ 
AA oR Mar. 20) Aug. °2°) May 18 |” "i26'| 2.0735 | 5.1922 | 7. 2657 If only the ratios for summer days without rain are 
Mutadeshiet sdrisssiiaberecies OD O-1. decssad | 1.7669 | 5.4966 | 7.2635 . : 
FATA Rotovs Apr. 23 May 8 May 6| 15 | ‘2081 | .0321| :2352 plotted, the early decline is less marked, but rather 
} Disvvendlevsvecverdptwenvees og ee ee | .1579 0241 - 1820 4 : — . 
; 2 | regularly the lowest basic ratio is reached close to August 
1019.........| A.«»-../ Ape 4) July & | May 6) 92 | 1.2354 | 2.5491 | 3.7845 . . 
et ments ets bg Pees 1.0031 | 2.6823 | 3.684 1. It therefore seems only logical to consider as the 
Average. A......, Mar. 30 June 30 May 10} 92 | 1.201 | 2.1565 3.4506 first section of the summer period the time from the end 
pbb Go Giese cetpepidoas decshasti Me OO Wacasaed 1.0745 | 2.3247 | 3.3992 


of the flood to the end of July, when the general tendency 


Discharge between IS downward R 





Ratio B/A. An ‘ , ; . ‘ 
_ Percent- The effect of rain during this summer period is to 
Year. Stream. | ; - ; . : 
en St delned elie ‘crest. depress the ratio B/A. If there is a considerable fall in . 
0 Current. | Total. rae ; 
crest. | flood. |“) = any one day the depression is quite great, showing that 
| stream A discharges immediately a larger proportion of 
RRL SR ee Ss A......| 0.854 | 0.981) 0.3308 | 2.9255 49.2 , : : 
Bivscifocnsevsnasiyivacs ....| 4504 | 2.5806 42.8 each rain. If rains continue for several days, however, 
1913 ‘ -P Seee . 650 1. 035 . 8050 1.2110 18.4 P : : : 
erent FP mena! atest. 7820 1.0460 1.6 B gains exactly as it does in the later periods of the 
ee ities . 767 . 972 .3367 | 1.3338 33.2 - ; : 
B del SE 3659 | 1.1311 %.2 spring flood, and the ratio tends to move back to its 
WR. Lochaken ae A 895 959 .0758 | 1.3701 44.9 ‘ 
west Reese ped 0811 1.2122 40.9 basic dry-weather value. 
| eee pes a SORE Le 835 - 984 . 2586 1. 9070 52. 2 
re Se ee 3075 1, 6852 44.3 " . £2 
Sl oh peck cipetaossn | was 281") "1000" 256706 | 4.7441 28. 5 TABLE 43. 
ous aay 8 Mahe iss 2.9006 4, 6669 24.4 
1918..... OTE os meer 776 773 | 2.2142 4173 86.4 
SE OS Se) BE -1893 | 2.3472 86. 8 Run-off and precipitation after flood, inches O. W. 
ee ee Sy brates Sli |. 974 3320 2.0674 32.7 
ge End PER oe 9096 | 1.9127 27.2 ee 
|— ek Sree Ce i _ zast day , av | > . 
Average... tae ) es een ee ER ae . 6905 | Year. of flood. Ww. May. June. July . 
SE SEIN KOE . 9482 | 
; Pp R P. R. | P R 
' Most of this volume accrued outside the technical flood period, which ended 2 days 
after the crest on A. 
* After crest day for 4, but including crest day for B. 1912... July 19 ~ oer Ee ee Ree i ye ll Eee 2. 56 0. 2121 
BD Monies cdedsbledeccocccalscuqnbebstlensdsemesbiabcocécece . 1873 
Rute 7. To determine the suppositional relative volume discharged  '913--- Jume 28 Be -----e---0 --nennnnne) tee pis ~~ Se tod a 
by stream B during the whole flood period, beginning with the first day in  1914...; July 5 - wateceretsleecererstsl|eererereeeleeeeeeenes 4.56 — 
spring when A has a rate of more than 0.100 C. F. S., and ending on the 915... July 40 A cececeecee ceererereeloceecererelecsereseee) 2.30 "3309 
last day in which this rate is 0.150 C. F.S. or more, refer the computed dis- 1916...| June 22 r RE tents ANRC Gan “167 Ge? Bio - 
charge of A to diagram E, from which the approximate B volume may be we : ; B SEERRES APE SS. RAS RAEN MO avnskes: 3254 
. A Pion | see, 3 dh... Nencennasghiaeeaheran sorre.ss digs Pees adinh beslaghs ovocet 
directly read. or a more precise measure of the B volume, refer the per- ™ Re ees RA CLESBIMBR pal by 34 a0). ahve ete. 
centage discharged by A up to its crest, to diagram EE, from which the 1918..., May 8 : i inet _— Se ast _ some t 
relative B volume may be read. 1919... July 5 | A -neeeeeeeeleeeeeeeeneleneees od oe 3. 83 3946 


. wis . : Gg Rare & 3b + eS BEE Tews Reb. De sla . 2967 
Rute 8. To determine the suppositional flood volume for B, from the | 


first day of flood up to and including the highest day for A, refer the com- l 
puted volume for stream A to diagram EEE, from which the corresponding 





Run-off and precipitation after flood, inches O. W. 





. Ratio 
value for B may be directly read. Year, | Lastday| w Nei Senseusben* 1 Teta) B/A for 
Rute 9. In the event that conditions are such as to delay the crest of B, ~ | mess.) j ae : “ a 
eriod. 
as determined by rule 4, more than 5 days beyond the crest on A, and the =| . » 7 > > 
discharge curve for A is so irregular as to make the intervening section of % a ieee ; 
: : a o.° - e . | 
the B curve questionable, the suppositional volume for B, for the period aati July 19! A 0.4133 0.043 0.32380} 4.75 0.9484)» sp 
between crests, may be obtained by computing the total flood volume for A B , ae (EL, Looe cece 9067 
+ , ‘ , ani 91: 28| 4 2 . 2622 | 7 .9128 . 
up to the suppositional date of B crest, and referring this to diagram EEEE, BOIS -ocirest vane . . aa Bene: + . Hpi a 1. 059 
the corresponding volume for B may be read. The volume for B between 1914.....-- {aay 8) A ik feed {Baek 522 
y new wnee ie. Bere ) 
crests will be the last figure reduced by the amount of the volume deter- 1915... July 4| A | 249 2.83 2690 6.93  _.8848 $92 
B S008... cases i See 7883 
mined by rule 8. 1916....... June 22} A | 13730 “1.50 .3029 |" 9.61” 1.1998 al 
‘ - ‘ t : B | +3281 ........ 7 ae 1. 0380 
The summer rainy period.—The most casual inspection _ 1wi7....... Aug. 2| A sg02 La am8 | RSL 7065 gs 
2 4 eecece =e . ‘ [recesses ne 
of the ratios between the two streams after the close of- 1sis....... May 8 A B15 | 8.07 | «2300 ) 1117 | 1.9089 | ous 
_ Sa See eS OU ee" Aa SC RR ies Ger Ries Gee ee o BUGS |... cccee +2 leeesceve - 2786 
the flood period and during the summer months, shows _ i9....... July 5 A "1-08'] 3090 1-43") asa "6-38" - 9500 04 


that these are influenced more largely by conditions | | 
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Summer relations to the end of July—From what has been 
said, it is evident that the relation of the two streams 
during this period must be based on flood conditions. 
In fact, a number of attempts to treat the summer period 
independently have proved absolutely futile. The basis 
which naturally suggests itself is the same as that used 
to determine the ratio at the end of the flood, namely, 
the proportionate discharge before and after the crest of 
the flood. 

The ratio for the period ending July 31 may, in fact, 
be based either upon the relative amount after the crest 
to the end of the flood, or the amount after the crest and 
to the end of July, but this is probably only a coincidence, 
as a basis similar to the former does not produce good 
results in August and September. It has, therefore, been 
deemed advisable to use a mean ratio for July, and similar 
ratios for August and September, each based on the status 
of the flood discharge at the beginning as well as the end 
of the period. In each case, a correction must be applied 
for the amount of precipitation since the end of the 
flood. 

Throughout this period, as has been noted, the general 
effect of precipitation is to depress the ratio B/A, and, 
since there is a tendency for the relationship to be de- 
pressed anyway, owing to the draining-out of B and per- 
haps greater evaporation on that area while the trees are 
in foliage, the effect of precipitation, then, is to place the 
relationship of the two streams in a position such as 
would exist without this precipitation at a later stage 
of discharge. In other words, the corrections for pre- 
cipitation may, in all cases, be applied as direct additions 
to the discharge ratios of A for the particular period in 
question. 

In Table 44 and diagram F are presented the data for 
the period ending July 31. Since the 1917 flood did not 
terminate until August 2, that year can not, of course, be 
considered here. 
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TABLE 44.—Stream flow relation from end of flood to July . 





A discharge ratio. 


el Correc- . mer ath 
tation to | tion for |freretes| iA to 
Toend | To July Steins July 31. tion. ratio. July 31 
flood. 31. ; ' ' ' 

1. 033 1.119 1. 076 2. 56 0.512 1. 588 0. 883 
4.420 5. 350 4. 890 2. 30 460 5.350 1. 070 
2. 016 2. 420 2. 218 4. 56 912 3. 130 771 
1. 227 1. 489 1. 358 2. 30 160) 1. 818 x39 
918 1. 236 1. 077 5.10 1. 020 2. 097 808 
> > es whinwtndsd eeeibinn ope ee ee Seen a Nee oepeien 
. 158 4. 196 2.177 5.05 1.010 3. 187 OU) 





Rute 10.—To determine the suppositional ratio of B to A streamflow, 
in inches O. W., for the period from the end of the flood to July $1, first 
determine the amount of A discharge from the crest to the end of the flood, 
and the similar amount from the crest to the end of July, expressing each 
quantity as a function of the amount discharged before the crest: to the mean 
of these two functions, add 0.2 for each inch of precipitation on watershed 
A occurring between the end of the flood and the end of July. The corrected 


Junction, or ratio of A discharges, when referred to diagram F, will give the 


suppositional ratio B/A for the period ending July 81. 


Relations in August.—The streamflow relations in 
August appear to be controlled much the same as those 
of the period ending July 31, namely, by the status of the 
flood discharge during this period. Precipitation occur- 
ing prior to August undoubtedly has some permanent 
effect, while that which occurs in August is not as effective 
currently as was precipitation in the earlier period. 
Consequently, good results are obtained by using a cor- 
rection factor which amounts to 10 per cent of the total 
precipitation for August and the preceding period. The 
basis for diagram G is shown in Table 45. 
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TABLE 45.—Streamflow relations for August. 


; Precip- August discharges 
A discharge ratics itation |Correc- ,, i (inches O.W . 
end of | tion for od dis- 
Year To end|Toend’ Mean flood precy charge P 
toend itation Ratio 
of of for ratio. A B 
. ee OL Aue (0.10) B/A 
July. |August.|/ August gust. 
1012..... 1.119 1. 285 1, 202 4.32 0.432 1. 634 0. 930 
1913..... 5. 360 6. O18 5. 689 4.64 . 4 6. 153 ; 1, 038 
ae 2. 420 2. 784 2. 602 6, 51 . Osi 3.283 ... E . 802 
1915. 1, 489 1,717 1. 603 4.10 410 2. 013 .877 
os 1. 236 1. 462 1.349 S11 . Sil 2. 160 sO) 
1917. a 2. 504 2. 690 2. 597 2. 10 . 210 2. 807 ' R17 
1918 .. 4. 196 5. 188 4. 692 8,10 S10 5. 502 con ‘ 1, 069 
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Rue 11.—To determine the suppositional ratio of B to A streamflow, 


in inches O. W., for August, determine the mean discharge ratio of A for 


this period, as described for the preceding period, and to this ratio add 0.1 
for each inch of precipitation from the end of the flood to August 81. The 
corrected ratio, when referred to ciagram G, will give the desired result. 


Relations in Sepiember.-—As has been stated, the ratio 
B/A usually tends to approach unity toward the end of 
the summer season. This is believed to be, at least in 
part, due to a cessation of transpirational water loss 
from the large areas of aspen on B. It may, however, be 
a natural result of reaching an advanced stage in the 
draining out of the spring flood water. 

The effect of current precipitation in September is ni/, 
or possibly to a slight extent the opposite of its effects 
earlier in the season, since now B is generally ascending, 
relative to A, while, if it has any effect at all, precipita- 
tion should tend to keep B down. Good results are 
obtained, as shown in Table 46 and diagram H, by 
entirely ignoring the September precipitation, but cor 
recting the flood ratio by the same amount as in August. 


STREAMFLOW DIAGRAM. H 


RATIO B/A FOR SEPTEMBER 
IN RELATION TO 
MEAN DISCHARGE RATIO FOR A 
CORRECTED FOR PRECIPITATION FROM 
END OF FLOOD TO AUGUST 3i. 
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TABLE 46.—September streamflow relations. 


September dis 


A discharge ratios. Precipitation charges (inches 


Correg- Cor- oO. W.). 
tion for rected 
Year. precipi- dis- 
Toend Toend Mean End of ‘ tation charge 
of Au- of Sep- for Sep- flood to}, ba (0.10). ratio. A B re 
gust. tember. tember. Aug. 31.//C@¥er- acid 
1911 a aS ae ae ey SE ‘ 
1912.. 1.285 1.414 1. 350 4,32 0. 43 0, 432 1. 782 1. 038 
1913. 6. OLN 6, 662 6.340 4. 64 2. 43 . 464 A aa ‘ 1. 061 
1914 2.794 3. O86 2.935 6. 81 1. 40 . 681 Ee locccce . 913 
1915. 1.717 1.913 1.815 4.10 2. 83 . 410 kh PS Te . 979 
1916. 1. 462 1. 646 1, 554 8. 11 1.50 . S11 i Pera . 965 
1917 2.600 2.343 2.766 2.10) 1,21 ley © Frere eee . 898 
1918 5.188 6.360 5. 774 8. 10 4. O7 RD |  BB6 ko slevess 1. 045 
1919 2. 633 2. 836 2. 734 4,85 1. 43 . 485 3.219 1.059 
Rue 12.—To determine the suppositional ratio B/A for September, 


both discharges in inches over watershed, compute the amounts discharged 
by A from the crest of its flood to August 31 and to September 30, express- 
ing each quantity as a function of the amount discharged before the crest: 
to the mean of these two functions or ratios, representing an average stage 
for September, add 0.10 for each inch of precipitation from the end of the 
flood to August 31, disregarding September precipitation. The corrected 
ratio, when referred to diagram H, will show the desired ratio of B discharge 
to that of A. 








Dry-weather conditions at end of September.—As has 
been pointed out, the two streams tend to approach a 
unity ratio in October, stream B rising in response io 
decreasing evaporation. It is of interest, therefore, 
although it does not seem to assist in other calculations, 
to see how the ratios stand during the last few days of 
September, when dry weather usually prevails. For the 
purpose of this examination we have added together the 
discharges of all days, of each year, between September 
26 and 30, which were devoid of rain. 

On comparing the discharges of the stveams for these 
periods, it is found that their relationships still reflect 
the influence of the summer rains. The curve of ratios 
for the several years, however, is very much flattened 
in comparison even with that for the whole month of 
September. September precipitation seems to be re- 
flected as an influence in an opposite direction from that 
of rainfall earlier in the summer. The results are shown 
in Table 47 and diagram LI. 
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FLOOD STANDING OF STREAM A TG SEPT. 30 
CORRECTED FOR PRECIPITATION 
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TaBLe 47.—Dry-weather relations at end of September. 


{Days without rain, Sept. 26-30.] 


Dry-weather discharges. 





Year. Stream. Potal 
Number Total Mean bantags Ratio 
ofdays. C.F.8S. C.F.S — B/A 
1 
| eee ee re A 23, 24 0.375 0. 0938 0. 0406 0.9 
B 25, 28 . 327 - 0818 . 0888 7 
a 
NB re <iatdeb vos ces dnt inal ie denecitiinren 511 . 1022 0545} ) 
B 23-30 . 488 . 0976 - 0580 ° 
3 
J es es A 25,28 . 275 . 0917 . 0294 1.( 
B ; . 260 . 0867 . 0309 , 
SES wt bondinedeee etmeanid A . 369 . 0922 . 0396 9 
B . 322 - 0805 . 0381 ‘ 
1915. Fe oa ee : \ 25-28 . 258 . 0860 . 0277 1.04 
P< brewing esese . 242 . 0807 - 0288 : 
c9 
eek 5 eee tk \ 26-30 . 452 . 0904 . 0484 } 9s 
= Ds ocwettios 402 - 0804 . 0478 , 
+ 
NS > : \ 26-29 394 . 0985 . 0423 9 
B av sceeaee . 343 . 0858 0407 ; 
0 
1YIS \ 25-30 350 . 0700 | . 0376 1.0% 
B Fiae . 337 . 0674 0400 
Averages . A Less Sekan > skeeeeN 8 ee" , 1.01 
B ice need veedn see bE RR i ; 
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BLE 47.—Dry-weather relaiions at end of September—Continued. 


| 
Precipitation 
after flood— 


A Correc- 





—_ : : Corrected 
Year. Stream. are harge tion for ratio 
ratio to mn . s precipi- 
Sept. 30.| , 2°,, Septem: ‘tation. | BIA. 
oom | Aug. 31 ber ’ : 
| (+0.15). (—0.05). 
6)... Sdcaetaeeoreae Tm: Vo ccoghécdeie co@uetndls ocoshes €0lvcessleedinaamances 
OE PEE SATS: et ee ee a 
S012. . . <cdaatadensebteaa A 1.414 4.32 0. 48 0. 626 2.040 
Si = ae Se Se et ee a ee | 
ONS . . .Ssceaeueeeeee eee A 6. 662 | 4.64 2. 43 574 7. 236 
Bo... leactnciive He ceucne csuhcaeheetne Sikeviene seen 
Ol4 . . ...0ccecvedaumeeenun A 3. O85 6.81 1.40 952 4.038 
BD. jisna chpmuclbeicdsancoelaasstud cnell<dpabienehind peean 
WIS... occ etasebenaaenes A 1.913 4.10 2.83 471 
EY Woes cwasd bibdebensndaeteesdadsans epdbedeeneedd 
SONG. . . . scteued Sieawened A 1. 646 8.11 1.50 1.141 
i 2: lacaavesepabdicbnasvecleubelendsenhcdcteebaseensete 
S087 . . « caedeibeasaes A 2. 843 2.10 1.21 255 3. OYS 
DD TE ivebed pabesieedincshanad ee © mamale te aiah hdea eam 
1918 \ 6. 300 8.10 4.07 1. 001 7.421 
BD:  heswcnn cbs vets auccabbebaedbacisteninatouebbanss 


Rute 13. To determine the suppositional ratio B/A for days without 
rain falling between September 26 and September 30, inclusive, first com- 
pute the ratio of all the discharge of Stream A after the flood-crest and up to 
September 80, in relation to that before and including the flood-crest. To 
this quantity add 0.15 of the precipitation (inches) from the end of flood to 
ingust $1, and deduct 9.05 of the precipitation for September. The 
result, referred to diagram I, will show the suppositional relation of the 
streams in inches O. W. 

Relations for the whole summer.—aAs a check upon the 
monthly calculations for the summer period, it is deemed 
advisable to compare the entire volumes discharged. On 
plotting these it is found that they form, for the several 
years, essentially a straight line, but there is sufficient 
divergence from a fixed relationship to make necessary 
more detailed consideration, the ratios for years varying 
from 0.821 in 1914 to 1.059 in 1913. 

Treating the relations for the whole summer in the 
same manner as those for the individual months, it is 
found that a rather irregular curve may be drawn by 
plotting the ratios against the flood ratios for stream A, 
as previously, with a correction amounting to 0.2 of the 
precipitation for the whole summer. Why this cor- 
rection should be larger than in any month except July 
it is a little difficult to see, but it is probably due to 
the facet that both July precipitation and run-off represent 
larger volumes than those of later months. 
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RATIO B/A FOR WHOLE SUMMER 
AND THE 
MEAN FLOOD STANDING OF STREAM A 
CORRECTED FOR PRECIPITATION. 
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TABLE 48.— Relation of streams for whole summer period. 


‘End of flood to Sept. 30.) 


Total summer discharges : ; 
‘inches O. W.). A discharge ratios Total 
precipi- orrec-, Cor- 


tion for rected 


Year. . tation orecipi-| dis- 
Fr End of “Mean | from Nation charge 

A B Ratio. | £24 of| gen. for end of (6.90). | ratio 

flood. , : sum-* flood. wri 
ember. 
mer 
| 

SUM As caro bint 60e welot cadantclesenies sonkivedakditace . . . 
1912......| 0.9484 0.9065 0.956 1. 033 1.414 1.224 4.75 0. 950 2.174 
_ ae . 9129 . 9659 1. 059 4.420 | 6.662 5. 541 7.07 1.414 6. 955 
1914......; 1.0731 1. S816 . 821 2.016 | 3.086 2. 551 8. 21 1. 642 4.195 
a ee . SS48 . 7383 . 892 1.227) 1.913 1.570 6.% 1. 386 2. O56 
| 1.2908 1. 0830 . S61 915 1. 646 1. 282 9. 61 1. 922 3.204 
ae . . 7065 . 029 854) 2.504 | 2.843 2. 674 3.31 . 2 3. 336 
ae 1, 2622 1. 2784 1.012 -158 | 6.360 3. 259 11.17 2.244 6. 198 
les naod . 9590 . 8568 . 54 2.061 | 2.836 2. 448 6. 28 1. 256 %. 704 


Rute 14.—To determine the suppositional ratio B/A, in inches over 
watershed, for the entire period from the end of the flood to September 20, 
take the mean of the flood-discharge ratios of stream A, representing the 
end of the main flood and the end of September. respectively, and to this 
quantity add 0.2 of the precipitation in inches for the period from the 
end of the flood to September 30. The result referred to diagram J will 
show the relation of the streams for the whole summer. In the event that 
the suppositional discharge of B so computed is either more or less than 
the sum of the B discharges for the periods ending July 31, August 3!, and 
September 30, the two quantities will be averaged and the increase or 
decrease in the sum will be prorated to the three periods in accordance with 
their respective volumes as previously computed. 

The fall and winter storage period.—The previous 
discussions have been concerned with the seasons in 
which, at least at low elevations, the water from moun- 
tain streams may have a positive value for irrigation 
purposes. The period from October 1 of any year to the 
beginning of the spring flood of the following year may 
properly be considered as a period of storage in which, 
if it were possible stream flow should be reduced to 
a minimum, so as to conserve the water for the next 
season of growth. This is actually what is happening 
in most of the Rocky Mountain region by reason of 
the fact that precipitation after October 1 is mainly 
in the form of snow, after November | there is only 
a small amount of melting. An important exception to 
this rule occurred in the present experiment, in the heavy 
rains at the beginning of October, 1911; and also, on the 
watersheds in discussion, there is melting on the exposed 
southerly slopes at all times during the winter. It is 
probable, however, that little of the snow melted thus 
slowly replenishes the streams, and that much which 
appears to be melted is directly evaporated. 

During this entire fall and winter period, Stream B is 
continuously discharging more than Stream A, although 
at the end of September the ratio B/A may still be 
lightly below unity. This high discharge of B, as has 
been pointed out, may be due to its receiving slightly 
less insolation on slopes exposed fully to the sun, and 
consequently having a lower evaporation factor; it may 
be due to a larger area of deciduous trees on B, giving 
less opportunity for winter transpiration; or it may be 
largely the result of the flow from a single spring whose 
source is so deep as to be little affected by winter tem- 
peratures. 








54 SUPPLEMENT NO. 17. 


It seems logical, as well as most convenient, tenta- 
tively to treat the entire fall and winter season as one 
period in the computations, in which it will be possible 
to show whether a denuded watershed is storing less 
water, or more water, for flow at a time when it may be 
used. It is recognized, however, that this method may 
not permit the proper integration of all the factors af- 
fecting winter flow and, therefore, if a more satisfactory, 
detailed method is later worked out, it will certainly be 
used. 

Since October 1 has been selected as the beginning of 
the stream-flow year, it is desirable, if possible, to break 
away from the control which appears to govern the rela- 
tion of the two streams during the summer, though the 
writers feel by no means convinced that flood conditions 
may not still be reflected in October and later. The 
amount of the discharge of A in October has been taken 
as the basis for comparison, partly because it will reflect 
in some degree the extent to which the flood waters have 
been drained out, and partly because the volume of flow 
involved probably determines, as much as anything else, 
the degree of effect of cold weather upon the two streams. 
It is self-evident that a given amount of melting, which 
may produce a larger effect on one stream than on the 
other, can not affect the percentage relation of the two so 
greatly if the discharge rate is relatively high as with a 
low discharge rate. 

In the preceding section it has been shown that severe 
freezing weather has a more marked effect in decreasing 
the flow of A than it does in the case of B. Such effects, 
however, are temporary, and are probably entirely offset 
by the release of ice-bound supplies later. For the entire 
winter period, therefore, the ratio B/A is high when the 
temperatures are relatively high. 

In order that the October rate of flow, which shall be 
the basis for comparing the streams, may represent a rate 
whose influence will be carried through the winter, it 
seems desirable to decrease the actual discharge of A by a 
certain amount of the October precipitation, whose tem- 
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percentage has been arbitrarily assumed to increase with 
the amount of precipitation, and is shown by 1 per cent 
of the first inch, 2 per cent of the second inch, 3 per cent 
of the third inch, ete. 

The correction of the October discharge rate on ac- 
count of the temperatures from November to February, 
inclusive, is a positive correction; that is, with high 
temperatures. There is a relatively high ratio B/A 
for the winter, as would be the case if the initial discharge 
rate had been higher. 

The data for the winter period are given in Table 49 
and diagram K. 


TABLE 49.—Streamflow for fall and winter period and relations as 
affected by temperature and October precipitation. 


Discharges during winter months (inches O. W.). 





Year. , } 
Octo- |Novem-| Decem- Janu- | Febru-/| y,... : , 
ber. ber. ber. ary. ary. March.| April. | Total. 
1911-12.... A 0.9015 | 0.4564 | 0.3673 0.3120 | 0.2671 20.0465 ........ 2. 3508 
B - 9844 | . 4337 . 3621 . 3363 . 3065 ~ ee 2. 4753 
1912-13.... A . 3393 . 3003 . 2862 . 2782 - 2268 | %. 2386 |........ 1. 6694 
B .3798 | .3501 | .3382  .3284/) .2886 | .2849 |........ 1.9700 
1913-14.... A . 2871 - 2552 . 2498 . 2417 . 2163 - 2712 *0. 0387 1. 5600 
} B . 3069 - 2900 . 2882 . 2810 . 2475 . 3023 - 0455 1. 7614 
1914-15... A - 3080 | . 2387 226 2591 . 2185 - 2406 5, 1025 1. 5932 
B . 3158 . 2912 . 2979 . 2614 . 2853 - 1224 1. 8615 
1915-16... . A -2740 | .2454 . 2199 2068 | 60675 |........ 1. 2304 
| B . 2808 . 2713 ° . 2692 . 2484 SUE Socaumee.: 1, 4203 
1916-17... A -4242 | .3418 . 2540 . 2360 Wels | 5 SRG boc wcovce 1. 6830 
B . 4583 . 3829 . 3231 . 3040 . 2661 CEE Werecess 1. 9966 
1917-18... A 3174 | .2718 . 2533 . 2337 . 2017 «2225 | 7.2043 1. 7047 
B .3217 | .3139 . 3121 . 30381 . 2956 . 3161 . 2460 2. 1085 
1918-19... A . 2381 - 2226 - 2229 . 2170 .1914 - 2231 | 4.0287 1. 3438 
B .2528 | .2410! .2376  .2338 .2065/ .2377| .0206 1.4390 
. nrecini. | Mean tempera- 
nese ~” -ragna ture November 
| Mean . ° to February. Correct- 
| rate ed Oct 
, Ratio | A dis- |— - a 
Year. - . ber rate 
B/A. | charge Correc-| A dis- 
| per | Correc- tion for | charge 
| day. |Amount.| tion | Degrees. (plus -” 
for.) | P 
0.01). 
1911-12......... A 1,053 (0. 01497 4.41 | 0.1205 16.45 | 0.1645 | 0.9455 
RS a RES SSEOPEG err ee SS oss 
oo) eae A 1.180 | . 00932 2. 53 . 0459 16. 40 . 1640 . 4574 
ee EE CR Sees SNS Ee — 
eee A A 1.130 | . 00844 0. 93 . 0093 18. 02 . 1802 . 4580 
i PE LO a ares Ee See Sseail 
1914-15........ A 1.170 | . 00826 2. 21 0363 17. 50 1750 4467 
Th Se a ee ee, Se ee ae 
1915-16........ A 1,147 | . 00774 0.36 | . 0036 19. 70 1970 4674 
ee CRS Sern pees Fa NA EE Se 
1916-17........ A | 10187") 100040 agi) nibe 97055 i755 |e 
B indi sieeetecciscccccepcclseboteteleecéeoudeletwaheasnes 
1917-18. ....... A 1, 237 | . 00835 0.19 . 0019 21.70 2170 5325 
| ie eres SC eee eae ee St eee eee ee oss 
1918-19. ...... A 1,071 | .00726 1.06 | .O112 14. 92 1492 3761 
ie ioe ee eee eS See eee ee 


1 Minus 1 per cent of first inch, 2 per cent of second, 3 per cent of third, etc. 
2 Mar. 5. 3 Mar. 28. ‘Apr. 3 5 Apr. 4. 6 Mar. 9. 7 Apr. 22. 


Rue 15. To determine the most probable ratio B/A for the period begin- 
ning October 1 and extending to the last day before the spring flood of the 


following year, add to the flow of stream A for October, in inches over water 


shed, 1 per cent of the mean temperature for the four months of November, 
December, January, and February (determined arithmetically from monthly 
mean hourly temperatures at station A—1), and from this sum subtract 1 per 
cent of the first inch of October precipitation, 2 per cent of the second inch or 
fraction, 3 per cent of the third, and soon. The result referred to diagram K 
will indicate the ratio B/A for the whole period in question, with a probable 
error of less than 1 per cent. 


Erosion and silt deposition in basins.—It has been ex- 


plained that the dams are so constructed as to form basins 
in which either stream is given opportunity to deposit 
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whatever of silt and soil has been picked up along its 
course. The amount of time for settling naturally de- 
creases as the rate of discharge increases, so that it is not 
surprising to find that in high stages the amount of lighter 
organic material is much less than in quiet stages. This 
is clearly brought out in Table 50 in the so-called 
“humus” percentages. In brief,.the high water of the 
spring flood is not only capable of carrying heavier and 
coarser material than is carried at other times, but also 
high water may tend to carry the lightest material past 
the settling basin. All of the systematic and complete 
measurements on the accumulations of silt in the basins 
are given in Table 50. 


TABLE 50.—Amounts of silt deposited in basins and relations between A 
and B. 


Dam A. Dam B. 











Ratio, 
Collection of — — — — - B weight 
Weight. | Humus. Weight. Humus. A weight 
a ee s 
Pounds. | Per cent. Pounds. Per cent. 
1913—July 16, 15........ 226.0 | 28. 5 267.0 14.5 1.180 
Ocb. 88; Bh... sn. 2 es 106.0 | 25.9 94.0 21.5 . 887 
1914—Apr. 22, 21........ 129.0 34.6 99.0 27.7 . 767 
Fs Bad + <6ncencssaeoue 180.0 | 29.8 156.1 12.7 . 866 
ss 3 See sarees $4.1 34.4 198.0 12.9 2. 354 
1915 — AR, Bi cnn oes'ccvvsueses ie 324.6 28.8 233.8 16.0 - 720 
July 16, 15........ shdiosanhie 292. 7 20.8 335. 0 8.5 1.145 
ce Ss Se eee 67.0 29.5 103. 3 17.6 1. 42 
1916—Ape. IB, 32... . ce cccccccesces 138. 2 32.2 132.1 20. 2 955 
FOR RNS 60 ban adcnedsweted 195.5 25. 1 312.0 7.5 1. 595 
QUE ¢4.6 abs ddedcaedvend 115.6 39. 0 350. 8 11.7 3. 035 
1017 — RSG BEE od on vnbivccsdcsces 278.1 26.8 203. 2 10.9 - 731 
pA ET eee 1,257.6 21.1 | 542.7 8.4 . 432 
Oct. 15, 15...... Bos spe ates 43.3 22. 8 | 62.1 20.0 1. 435 
1918— Ame. BB, BB... 5 cececccccccess 150. 3 | 27.3 | 84.4 31.0 . 562 
Pk NA eS 88. 7 28.3 | 67.1 27.3 . 756 
Oek: 8K. 38:5 icc... §2.8 34.5 | 84.8 31.2 1. 025 
1919—Apr. 16, 14.. 84.0 35.5 71,1 30.9 . 846 
July 15, 16... 192.4 22.0 143.1 14.0 . 744 
A verages—Apr. 15. ............6- 184.0 30.9 137.3 22.8 -7 
8 Rr 347.6 25.1 260. 4 13.3 . 960 
SEs Bskkswaihabande cans 83.1 31.0 | 148.8 19. 2 1.713 
J 


In Diagram L it has been sought to express directly the 
relationships between the amounts deposited by streams 
A and B. These relationships are so evidently different 
for the winter, flood, and summer periods that it is 
necessary to consider separately the regular measure- 
ments of April 15, July 15, and October 15. 

[t is hardly to be questioned that more satisfactory 
explanations of the variations in silt deposits of either 


stream could be obtained by relating each to the total or 
maximum discharge for each period. But this would 
have the objectionable feature that in the future the 
most probable deposition of stream B would have to be 
related to its most probable discharge, and it seems very 
undesirable so to complicate the calculations. There- 
fore, the matter of silt deposits is kept distinct. 

The relation of B deposits to A deposits is not constant, 
even for corresponding periods of different years, and 
there is no satisfactory explanation for the variations. 


STREAMFLOW DIAGRAM L 
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However, the values leud themselves fairly well to ex- 
pression by graphs, and in the event that future records 
should go beyond the scope of these, it is believed the 
average ratios given in Table 50 might well be used for 
the calculations. 

Rute 16. To determine the most probable amount of dry silt, in pounds, 
that would have been deposited by stream B, had the watershed not been 
denuded, refer the amount deposited by stream A to the proper graph of 
Diagram L, according to whether the amount is for the period ending April 
15, July 15, or October 15. From this graph the amount for B may be read 
directly. 





